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ABSTRACT 
 
Synthetic mimics for esterases often fail to display catalytic turnovers, selectivity. In 
this work, we report the creation of substrate-selective catalyst through micellar imprinting 
and post-functionalization. The water-soluble, nano-sized catalyst has an active site matching 
the substrate precisely. With preferential binding for the substrate and a DMAP/zinc cation in 
the close proximity of the ester, the resulting  synthetic esterase displayed over thousands 
rate enhancement. The modularity of our method allowed facile synthesis of synthetic 
esterases to hydrolyze activated esters with even higher turnovers and product selectivity. 
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CHAPTER 1. GENERAL INTRODUCTION 
 
Dissertation Organization 
This dissertation consists of 6 chapters, focusing on investigations of molecularly 
imprinted nanoparticles (MINPs) as artificial esterases. Chapter 1 is a review on molecularly 
imprinted polymers (MIPs) and their applications as artificial enzymes. Chapter 2 was 
published in Helvetica Chimica Acta. in 2017. Molecularly imprinted nanoparticles (MINPs) 
were synthesized in the presence of three different templates in order to create binding 
pockets with different sizes, shapes and depths. The MINPs were functionalized with 
catalytic groups after removing templates. The functionalized catalytic MINPs not only 
exhibited enhanced rate acceleration for the hydrolysis of activated esters; the reactions also 
displayed Michaelis-Menten enzymatic kinetics.     
Chapter 3 was published in Organic and Biomolecular Chemistry in 2018. In this 
manuscript, the catalytic site was systematically modified with different catalytic 
functionalities to change the distance of the catalytic group from the reactant in the binding 
pocket. The resultant catalytic MINPs were able to distinguish substrates based on their 
reaction rates.  Chapter 4 is under preparation for publication in 2018. It describes a new 
method that was used to construct an artificial esterase. The MINP catalyst showed high 
selectivity toward esters with similar structures. Furthermore, a different MINP catalyst was 
prepared by the same method and used for a different substrate, demonstrating that; it is 
possible to form customized synthetic catalysts for specific reactions. Chapter 5 is under 
preparation for publication in 2018. A Zinc-modified MINP catalyst was designed to catalyze 
phosphate ester hydrolysis. Good catalyst selectivity could be achieved by using different 
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substrates as template molecules. Increased catalytic activity, reduced product inhibition and 
excellent selectivity were observed for the Zinc-modified MINP catalyst.    
Literature Reviews 
Enzymes accelerate a wide variety of reactions with high specificity and remarkable rate 
accelerations. Many chemists have created artificial enzymes from synthetic analogues to 
catalyze a variety of reactions. Significant progress in the synthesis and use of artificial 
enzymes has been achieved in recent years. For example low molecular weight substances, 
such as cyclodextrin,1 cucurbituril,2 and synthetic cavitand3  have been used as artificial 
enzymes. Those compounds are used as molecular hosts to provide well-defined binding sites 
containing catalytic groups for specific substrate reactions. Another category of artificial 
enzyme is synthetic polymer.
4
 The advantages of synthetic polymeric substances include not 
only their high stability against heat, chemicals and solvents, but also their three-dimensional 
structures that could mimic real enzymes. Synthetic polymers have been used as enzyme 
mimics to catalyze a variety of reactions.
5-6
 Based on previous studies of synthetic polymeric 
artificial enzymes, it has been found that such polymers must have a binding cavity that has a 
shape resembling the shape of the substrate or, even better, the shape of the transition state 
along the reaction pathway. Also, the binding site must contain catalytic groups that are 
located in a favorable orientation for the catalysis to occur.  
 Among polymer-based artificial enzymes, molecularly imprinted polymers (MIPs) 
represent one of the systems that can incorporate these desired features of the binding cavity. 
Molecular imprinting has been used for constructing synthetic analogues in biomimetic 
recognition, 
7-8
 molecular sensing, 
9
 catalysis,
10
 separation of compounds,
11-12
 and drug 
delivery.
13
 The formation of MIPs begins with the creation of a crosslinked polymer around a 
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template molecule. In this process, a functional monomer in the monomer mixture interacts 
with the template through covalent or noncovalent interactions. After removing the template, 
the predetermined pocket is left behind. This pocket containing functional groups in a certain 
orientation has a shape complementary to the structure of the template.  Molecular imprinting 
makes it possible, in principle, to design a catalytic binding site for any molecule of 
interest.
14
 Enzyme-like MIPs have been made for selected reactions, such as hydrolysis, 
Diels-Alder reaction, disulfide formation, and aldol reaction.
15-16
 
However, traditional MIPs have the disadvantages of insolubility and heterogeneity of 
the active site which need to be improved in order to be widely used in biological systems. 
Therefore, the molecularly imprinted (MIP) nanogel, which consists of highly solvated cross-
linked polymer particles, was created.
17-18
 But the binding selectivity and catalytic selectivity 
are limited due to the less rigid structures of MIP nanogels. These problems could be due to 
weak hydrophobic interactions between the functional monomer and the template during the 
imprinting process in nonpolar solvents. Our research group reported a method for forming 
molecularly imprinted cross-linked micelles and their use in forming receptors for bile salt 
derivatives,
19
 aromatic carboxylates and sulfonates,
20
 nonsteroidal anti-inflammatory drugs 
(NSAIDs)
21
 and peptides.
22
 These molecularly imprinted nanoparticles (MINPs) are fully 
water-soluble and have enzyme-like sizes and molecular weights.
23
 
Aside from consideration of solubility, another important point in optimizing the 
catalytic properties of imprinted polymers is the design of the interaction between the 
functional group and the template. Covalent imprinting ensures more reliable imprinting in 
making the pocket. Wulff and coworkers have made crucial breakthroughs in constructing 
catalytic pockets using covalent imprinting.
24
 But the synthesis of the template is relatively 
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complicated due to the requirement of forming a cleavable bond. Typical methods use 
boronate esters,
25
 ketals/acetals,
26
 and Schiff’s bases.27 Another drawback is that it is often 
difficult to completely remove the template. Noncovalent imprinting, which commonly 
occurs in biological interactions,
28-30
 does not require complicated synthesis as is often 
necessary in covalent imprinting. Plus, the template is easier to remove as compared to 
covalent imprinting. The group of Mosbach and coworkers has carried out important work 
using noncovalent binding.
31
 However, noncovalent interactions (ionic interactions, 
hydrogen bonding, van der Waals forces and ᴫ- ᴫ interactions) are relatively weak, especially 
in the presence of a polar solvent, such as water or DMF. Therefore, association constants for 
template uptake are rather low because of unsuccessful imprinting in an aqueous 
environment.
10 
In this dissertation, I present several new ways of forming catalytically active 
sites in our cross linked micelles for the purpose of generating artificial esterases.  
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CHAPTER 2. CROSS-LINKED MICELLES WITH ENZYME-LIKE ACTIVE SITES 
FOR BIOMIMETIC HYDROLYSIS OF ACTIVATED ESTERS 
 
Modified from a paper published in Helvetica Chimica Acta, 2017, 100, e1700147. 
Lan Hu
1
, Yan Zhao
1
* 
1
Department of chemistry, Iowa State University, Ames, Iowa, 50011 United States 
*
 Corresponding Authors 
 
Abstract 
Enzymes have substrate-tailored active sites with optimized molecular recognition 
and catalytic features. Although many different platforms have been used by chemists to 
construct enzyme mimics, it is challenging to tune the structure of their active sites 
systematically. By molecularly imprinting template molecules within doubly cross-linked 
micelles, we created protein-sized nanoparticles with catalytically functionalized binding 
sites. These enzyme mimics accelerated the hydrolysis of activated esters thousands of times 
over the background reaction, whereas the analogous catalytic group (a nucleophilic pyridyl 
derivative) was completely inactive in bulk solution under the same conditions. The template 
molecules directly controlled the size and shape of the active site and modulated the resulting 
catalyst’s performance at different pHs. The synthetic catalysts displayed Michaelis–Menten 
enzymatic behavior and, interestingly, reversed the intrinsic reactivity of the activated esters 
during the hydrolysis. 
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Introduction 
Enzymes perform difficult catalytic tasks such as selective amide hydrolysis, C-H 
activation, and nitrogen fixation, all under physiological conditions. Because of their high 
specificity, enzymes can perform reactions at a molecular site while more reactive sites in the 
same molecule stay intact. When multiple functional groups of the same type (e.g., amide) 
exist, enzymes can selectively convert a particular one without the need of 
protective/deprotective chemistry, a feature highly desirable in synthesis.  
The active site of an enzyme is where the selective catalysis takes place. To catalyze the 
intended transformation, an active site needs to have not only the appropriate functionalities 
for the catalysis but also molecular recognition features to bind the substrate and release the 
product. The polarity, acidity/basicity, and electrostatic field of the active sites, which can be 
very different from those of the bulk aqueous solution, also contribute to the rate acceleration. 
The extraordinary catalytic properties of enzymes have prompted chemists to prepare 
synthetic analogues to understand their catalytic mechanisms and develop biomimetic 
catalysts. One way of doing this is to use synthetic foldamers
28
 similar to peptides and 
proteins that fold into a convergent space, forming an active site as a result. The benefit of 
this approach is that catalytic functionalities can be encoded in the primary sequence and the 
type of building blocks, as long as the chain folds properly.
29
 Another benefit is that 
environmental responsiveness can be rationally designed through conformational control of 
the foldamer.
30
 
Catalytic active sites can be also constructed by installing catalytic groups on 
macrocycles.
31
 such as cyclodextrins
32
 and cavitands.
33
 These macrocycles often possess 
well-defined binding sites with predictable molecular recognition properties. Nonetheless, 
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since most macrocycles have fixed structures and tend to be highly symmetrical, it can be 
difficult to tune the shape of the binding site to match an arbitrary substrate.  
Molecular imprinting creates tailored binding sites for a wide variety of molecules. Since 
functional monomers and cross-linkers are polymerized around the template molecules 
through “chemical molding” in this method, the resulting molecularly imprinted polymer 
(MIP) naturally contain binding sites complementary to the templates in size, shape, and 
binding functionality.
34
 The method works well for many templates ranging from small drug 
molecules to large biomolecules and even viruses and bacteria. Enzyme-like MIPs with 
functionalized active sites have also been created for selected chemical reactions.
34b, 35
 
We recently reported a method to molecularly imprint within cross-linked micelles.
36
 
Because polymerization and cross-linking are confined within the boundary of surfactant 
micelles, we could obtain protein-sized nanoparticles 4–5 nm in size. These molecularly 
imprinted nanoparticles (MINPs) have a hydrophobic/hydrophilic core–shell morphology and 
are fully water-soluble. We have demonstrated micellar imprinting with different types of 
templates including bile salt derivatives,
36
 aromatic carboxylates and sulfonates,
20b-d
 
nonsteroidal anti-inflammatory drugs (NSAIDs),
21
 carbohydrates,
37
 and peptides.
38
 Because 
MINPs resemble proteins in size (40–60 KD in MW) and contain well-defined binding sites, 
we could study their binding by spectroscopic and calorimetric techniques used for molecular 
receptors.        
In this paper, we report that the MINP binding sites could be functionalized with 
catalytic functionalities. The modified binding sites mimic enzyme active sites and could 
bind the appropriate substrates and catalyze their transformation. Importantly, our method 
made it possible to modify the size, shape, and depth of the binding pocket to fine tune the 
10 
 
catalysis. The catalytic MINPs displayed Michaelis–Menten enzymatic behavior and, most 
interestingly, displayed selectivity contrary to what intrinsic reactivity had predicted in the 
hydrolysis of activated esters. 
Results and Discussion  
 
 
 
Scheme 1. Preparation of DMAP-functionalized MINP. 
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Design and Syntheses MINP-DMAP Catalysts 
 Despite the tremendous potential of molecular imprinting, a number of issues exist 
with conventional MIPs. For noncovalently imprinted materials, binding sites frequently are 
heterogeneous and poorly defined in structure.
34a-c, 34e-i, 39
 Conventional MIPs are prepared 
through bulk polymerization, which gives  intractable macroporous polymers that are 
difficult to study.
40
 Over the years, chemists have used different approaches to overcome 
these difficulties, including performing imprinting on nanoparticles
41
 and micro/nanogels.
42
  
The latter, in particular, have found applications in biomimetic catalysis.
42b-e
   
To obtain protein-sized imprinted nanoparticle, we used cross-linked micelles as a 
platform for molecular imprinting.
20c
 As shown in Scheme 1, 12-(methacryloyloxy)-N,N,N-
tri(prop-2-yn-1-yl)dodecan-1-aminium bromide (1) has a tripropargylammonium headgroup 
and a methacrylate at the end of the hydrocarbon tail. The cationic micelle readily 
incorporates anionic guest such as sodium 5-(4-((4-(1-(methacryloyloxy)ethyl)-2-methoxy-5-
nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)naphthalene-1-sulfonate (2) by hydrophobic and 
electrostatic interactions. The propargyl groups allow the micelle to be cross-linked on the 
surface by the alkyne–azide click reaction using 1,4-diazidobutane-2,3-diol (3) to afford the 
surface-cross-linked micelle (SCM).
43
 The SCM contains unreacted alkynes because of the 
1:1.2 ratio used in the synthesis between the tris-alkyne-functionalized cross-linkable 
surfactant and diazide cross-linker. The click reaction also allows us to decorate the SCM 
with sugar-derived azido ligand N-(2-azidoethyl)-2,3,4,5,6-pentahydroxyhexanamide (4). 
Afterwards, thermally initiated radical polymerization among the methacrylate groups (of 1 
and 2) and divinylbenzene (DVB) solubilized by the micelle cross-links the hydrophobic core 
12 
 
of the micelle. The 1:1 stoichiometry between 1 and DVB gives a very high cross-linking 
density in the core. At this point, template 2 is covalently attached to the micelle; its 
sulfonate ensures that the molecule is anchored to the micellar surface so that the ionic group 
can be properly solvated by water.  
The template has an ortho-nitrobenzyl group, which under UV irradiation cleaves to 
afford a carboxylic acid and vacates the binding site. The covalent imprinting used in our 
procedure is expected to afford a highly template-complementary binding site with a single 
carboxyl group inside.  In our previous work, the MINP-COOH obtained was shown to bind 
guest molecules that resembled the template and the carboxylic acid in the binding pocket 
strongly influenced the binding. Additionally, the acid could be activated by carbodiimide 
and chemically derivatized (by naphthylamine).
20c
 
In this work, we activated the carboxylic acid with 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDCI) following a similar procedure but treated the 
activated MINP-COOH with 10 equiv N
1
,N
2
-dimethyl-N
1
-(pyridin-4-yl)ethane-1,2-diamine 5 
(Scheme 1). The 10-fold excess of EDCI and amine used generally give a high conversion 
yield of the carboxylic acid. In our previous work, the modification of the binding site by this 
method afforded MINP with different binding affinities but the ITC titration showed well-
behaved single-sited binding.
20c
 If a substantial percentage of the micelles had not been 
derivatized by the treatment, ITC titration would have revealed two populations of binding 
sites with different affinities. The pyridyl derivatize resembles 4-dimethylaminopyridine 
(DMAP), a powerful transacylation catalyst.
44
 In addition to the original template 2, we 
created DMAP-functionalized MINPs using analogues sodium 6-(4-((4-(1-
(methacryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy)methyl)-1H-1,2,3-triazol-1-
13 
 
yl)naphthalene-2-sulfonate (6) and sodium 4-(4-((4-(1-(methacryloyloxy)ethyl)-2-methoxy-
5-nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)benzoate (7). Although a carboxylate instead 
of sulfonate was used (due to availability of the starting material) in template 7, we do not 
expect a significant difference from this particular change. As we have shown in previous 
studies,
20b, 36
 these anionic groups mainly serve as hydrophilic anchors to stay on the surface 
of the micelle to ion-pair with the ammonium headgroup of the surfactant. The internal 
binding pocket of MINP was formed from the removal of the hydrophobic moiety of the 
template. The different templates thus should afford active sites with different size and shape 
but the same catalytic group. We refer to these catalytic cross-linked micelles as MINP(2)-
DMAP, MINP(6)-DMAP, and MINP(7)-DMAP, respectively, with the number indicating the 
template used to prepare the MINP.  
The surface-cross-linking and core-polymerization of the micelles were monitored by 
1
H 
NMR spectroscopy. 
1
H NMR spectroscopy normally shows broadening/disappearance of 
characteristic signals as the surfactant and DVB (core-cross-linker) undergo the click 
reaction and/or polymerization. The surface cross-linking chemistry previously was also 
confirmed by mass spectrometry when the 1,2-diol group of the diazide cross-linker was 
cleaved.
43a, 45
 Photocleavage of templates followed the same procedure as before and shown 
to be highly effective.
20c
 Dynamic light scattering (DLS) affords the hydrodynamic size of 
the MINPs. We normally keep a 50:1 ratio between the cross-linkable surfactant and the 
template. Since the cross-linked micelles contained ca. 50 surfactants in the structure, the 
stoichiometry translates to one binding site per MINP on average, which was confirmed by 
multiple binding studies previously.
20b-d, 21, 36-37
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Ester Hydrolysis Catalyzed by MINP-DMAPs 
 Our DMAP-functionalized MINPs have a hydrophobic binding site with an internal 
nucleophilic catalyst. The binding site was created from an aromatic group (i.e., substituted 
naphthyl sulfonate or benzoate) and has the nucleophilic pyridyl in the far end of the binding 
site. The model reaction we used to study these catalytic MINPs is the hydrolysis of para-
nitrophenyl hexanoate (PNPH), an activated ester with a good leaving group. Its 
hydrophobicity will afford significant (hydrophobic) driving force for the substrate to enter 
the MINP binding site. Because the binding site is on the surface of the MINP (due to the 
anchoring effect of the sulfonate/carboxylate group on the templates), water is expected to 
enter the binding site fairly easily to hydrolyze the intermediate formed by the nucleophilic 
attack of the pyridyl on PNPH. 
The pKa of protonated DMAP is 9.7 in water,
44a
 suggesting that the catalyst is only active under fairly 
basic conditions. Indeed, when 50 μM of PNPH was incubated in HEPES buffer (pH 8.0) at 40 °C, 
very little hydrolysis occurred with or without DMAP in the solution. Thus, the background reactivity 
of PNPH and the catalytic effect of DMAP in bulk solution were negligible under this condition. As 
shown by Figure 1, at the same concentration of the pyridyl ligand, MINP(2)-DMAP catalyzed the 
PNPH hydrolysis powerfully, shown by the quick increase of absorbance at 400 nm from para-
nitrophenolate formed during the reaction (Figure 1). 
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Figure 1. Absorbance at 400 nm as a function of time for the hydrolysis of PNPH in a 25 
mM HEPEs buffer (pH 8.0) at 40 °C. The data sets correspond to hydrolysis in the absence 
of catalysts () and catalyzed by DMAP () and MINP(2)-DMAP (), respectively. 
[PNPH] = 50 µM. [DMAP] = 15 µM. 
 
We obtained the pseudo first order rate constant from the kinetic experiment and 
repeated the experiments for all three MINPs. In addition, we performed the hydrolysis at 
three different pHs to understand how the catalysts respond to environmental changes. The 
data are summarized in Table 1. Among the three catalysts, MINP(7)-DMAP seemed to be 
the worst and MINP(6)-DMAP the best. The trend stayed more or less the same at all three 
pHs but was most prominent at pH 6. Since DMAP itself in the bulk solution was inactive 
under these conditions, the observed reactivity came from the catalytic hydrolysis. It is 
reasonable that reactivity diminished as the pH decreased: a lower pH not only leads to 
protonation/deactivation of the nucleophilic catalyst (the pyridyl nitrogen), but also reduces 
the concentration of hydroxide, the active nucleophile. 
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Table 1. Rate constants for the hydrolysis of PNPH.
a 
Entry pH 
MINP(2)-DMAP 
(min
-1
) 
MINP(6)-DMAP 
(min
-1
) 
MINP(7)-DMAP 
(min
-1
) 
1 8 0.13 ± 0.01 0.16  ± 0.02 0.14 ± 0.003 
2 7 0.100  ± 0.003 0.11  ± 0.03 0.065 ± 0.005 
3 6 0.017 ± 0.002 0.04  ± 0.01 0
b 
a 
The reaction rates were measured in 25 mM HEPEs buffer at 40 °C. The measurements 
were performed in duplicates. 
b
 The reaction was too slow to be measured accurately. 
Because of the low background reaction under our experimental conditions, we could 
not determine the exact extent of rate acceleration. Comparison with our previously 
determined value (measured at a much higher PNPH concentration)
46
 suggests that the 
MINP-DMAPs were thousands of times more active than DMAP in solution. The results are 
reasonable for DMAP located in a hydrophobic microenvironment. Molecular DMAP easily 
gets protonated (and deactivated) under our experimental conditions (pH 6–8) because the 
product, the pyridinium salt, is well solvated by water in the bulk solution. When it is located 
in the hydrophobic pocket inside the MINP, protonation is much more difficult and the 
catalytic group remains active. This is a common strategy used by enzymes to alter the pKa 
values of their binding and catalytic groups. Generally, because an ionic group is better 
solvated by polar solvents, environmental hydrophobicity inhibits protonation of amines and 
deprotonation of carboxylic acids.
47
 In our previous study, environmental hydrophobicity 
was found to raise the pKa of the carboxyl group from 4–5 in solution to ~6.2 inside the 
MINP.
20c
  
Figure 2 normalizes the reaction rate constants of each MINP-DMAP to its value at pH 
8.0. The comparison removes the difference in intrinsic activity and shows the relative 
performance of individual MINP-DMAP catalysts as a function of pH. Our data shows that, 
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overall speaking, MINP(6)-DMAP seemed to be the most resistant toward pH deactivation. 
For example, a decrease of pH from 8 to 6 eliminated the activity of MINP(7)-DMAP and 
lowered the activity of MINP(2)-DMAP to 13%. With the same change, MINP(6)-DMAP 
retained 23% of its activity at pH 8.  
 
Figure 2. Relative rate constants of hydrolysis of PNPH catalyzed by the three different 
MINP-DMAP catalysts. 
The biggest difference between the three MINPs is in the size and shape of the binding 
site. Templates 2 and 6 both contain a naphthyl group. The sulfonate has to stay on the 
micellar surface during imprinting and rebinding because of its strong solvation by water and 
interaction with the cationic ammonium head group of the cross-linkable surfactant. 
Assuming the rest of the molecule can move freely inside the micelle due to its 
hydrophobicity, template 6 should penetrate deeper into the micellar core than template 2. 
After molecular imprinting, template removal, and post-functionalization, we expect that 
MINP(6)-DMAP has a narrower and deeper hydrophobic binding pocket than MINP(2)-
DMAP. Template 7 is smaller than both 2 and 6. The binding site created after it should be 
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the smallest and possibly also shallowest, due to its shortest distance between the surface-
anchoring (carboxylate) group and the methacrylate.  
The absolute activity of each MINP-DAMP does not seem to correlate directly with the 
templates. Most likely, the catalytic activity reflects multiple favors including the binding 
affinity for the substrate that probably strongly depends on the size of the active  site, the 
orientation of the bound substrate in the active site and its freedom of movement within, as 
well as its resistance toward pH deactivation. On the other hand, there seems to be a clear 
correlation between the pH resistance of the MNP-DMAP and the depth of the active site. 
According to Figure 2, MINP(7)-DMAP, whose DMAP group should be the closest to the 
micellar surface, got deactivated most easily. MINP(6)-DMAP overall was the most resistant 
toward pH deactivation and its active site is expected to be the longest and deepest, as 
discussed earlier. 
Selectivity of MINP-DMAP Catalysts 
 We then studied MINP(6)-DMAP, our best catalyst, in detail. Figure 3 compares the 
hydrolysis of PNPH and para-nitrophenyl acetate (PNPA) in HEPES buffer at 40 °C. PNPA 
is more reactive in hydrolysis
46
 but is smaller and less hydrophobic than PNPH. When the 
hydrolysis was catalyzed by MINP(6)-DMAP, the reactivity reversed, showing PNPH clearly 
favored by the MINP catalyst.  
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Figure 3. Absorbance at 400 nm plotted as a function of time for the hydrolysis of PNPH 
() and PNPA () catalyzed by MINP(6)-DMAP in 25 mM HEPEs buffer (pH 8.0) at 
40 °C. [PNPH] = 50 µM. [DMAP] = 15 µM. The errors were standard deviations based on 
three independent measurements. 
Our initial hypothesis was  that the reversal of activity had been caused by the stronger 
binding of PNPH by the hydrophobic MINP active site. To gain more understanding for the 
selectivity, we performed a Michaelis–Menten study on the hydrolyses. 
Enzymes frequently display saturation behavior in their catalysis. The kinetics can be 
described by the Michaelis–Menten equation v0 = Vmax[S0]/( Km+ [S0]), in which v0 is the 
initial velocity, S0 the initial substrate concentration, Vmax the maximum velocity at a 
particular enzyme concentration, and Km the Michaelis constant that measures the binding 
affinity of the substrate to the enzyme.
48
 The Michaelis–Menten equation can be inverted to 
afford the Lineweaver–Burk equation, 1/v0 = Km/Vmax × 1/[S0] + 1/Vmax, which allows one to 
obtain the kinetic parameters through linear curve fitting. 
 As shown by Figure 4a,b, the hydrolysis of both PNPA and PNPH displayed 
Michaelis–Menten behavior, suggesting our MINP-DMAP catalyst indeed worked as an 
artificial enzyme. Table 2 summarizes the Michaelis–Menten parameters for the two 
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substrates. We also listed the catalyst’s turnover number (kcat = Vmax/[enzyme concentration]) 
and kcat/Km, which measures the catalytic efficiency. For comparison purposes, we performed 
similar hydrolyses catalyzed by two enzymes, bovine carbonic anhydrase (BCA) and α-
chymotrypsin. These enzymes have been frequently used in the literature to catalyze the 
hydrolysis of para-nitrophenyl esters,
49
 even though they are not natural esterases. Because 
the literature reports typically did not compare the two substrates under relevant conditions, 
we performed the kinetic experiments ourselves for the two enzymes. 
 
 Figure 4. (a) Lineweaver-Burk plot for the hydrolysis of PNPH by MINP(6)-DMAP 
in a 25 mM HEPEs buffer at 40 °C and pH 8.0. (b) Lineweaver-Burk plot for the hydrolysis 
of PNPA by MINP(6)-DMAP in a 25 mM HEPEs buffer at 40 °C and pH 8.0. The errors 
were standard deviations based on three independent measurements. 
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Table 2. Rate constants for the hydrolysis of PNPH.
a 
Entry catalyst substrate 
Vmax 
(µM/min) 
Km (µM) kcat (min
-1
) 
kcat/Km  
(min
-1
 
mM
-1
) 
1 BCA 
PNPA
 
770 ± 120 
1960 ± 
350 
77 ± 12 39.2 ± 1.2
 
PNPH
b
 1.99 ± 0.17 230 ± 40 
0.249±  
0.021 
1.10 ± 
0.07 
2 α-Chymotrypsin 
PNPA
 
1000 ± 80 
8550 ± 
560 
100 ± 8 11.7 ± 0.3 
PNPH
 
440 ± 50 670 ± 80 44 ± 5 64.9 ± 1.9 
3 MINP(6)-DMAP 
PNPA
 
24.3 ± 0.7 250 ± 12 2.43 ± 0.17 
9.72 ± 
0.22 
PNPH
 
33.9 ± 3.2 200 ± 30 3.39 ± 0.32 17.1 ± 1.3 
a 
The kinetic experiments were performed in 25 mM HEPEs buffer (pH 8.0) at 40 °C. The 
concentration of the catalysts was 10 µM unless otherwise indicated. The errors were 
standard deviations based on three independent measurements. 
b
 [BCA] = 8.0 µM. 
Our data shows that BCA is particularly selective for PNPA. The Vmax value was 
hundreds of times larger than that for PNPH at the same enzyme concentration (8 μM). 
PNPH was clearly bound more strongly by the enzyme, as the dissociative constant Km was 
only ~1/9 of that for PNPA (Table 2, entry 1). Once the binding effect (Km) was removed, the 
catalytic efficiency (kcat/Km) was about 36 times higher for PNPA than for PNPH.  
In comparison, α-chymotrypsin was not as nearly as selective as BCA. Although it still turns 
over PNPA faster, the PNPA/PNPH selectivity was only a little over two-fold. PNPH still 
showed a stronger binding, with its Km being ~1/13 of that for PNPA. Once the binding effect 
is removed, the catalytic efficiency (kcat/Km) was higher for PNPH than PNPA. Thus, 
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although the two enzymes both bound PNPH more strongly than PNPA, the inherent 
catalytic efficiencies reversed, probably as a result of different catalytic mechanisms. 
The behavior of MINP(6)-DMAP was different. First of all, the binding selectivity was 
minimal—Km was 250 µM and 200 µM for PNPA and PNPH, respectively. Thus, although 
PNPH was bound more strongly, the binding selectivity was far smaller than that displayed 
by the two enzymes. The faster reaction of PNPH, therefore, is unlikely to be caused by the 
binding selectivity, different from what we thought. As far as the absolute turnover number 
was concerned, our MINP was the only catalyst among the three that converted PNPH faster 
than PNPA. This remains significant, as PNPA has a higher intrinsic activity than PNPH. 
Conclusions 
In this study, we have shown that, by molecular imprinting within cross-linked micelles, 
we can create catalytically active sites with tunable size, shape, and depth. The strategy 
allowed us to create artificial esterases under conditions in which the catalytic group 
(DMAP) is fully deactivated in the bulk solution. As a result, we could perform 
nucleophilic/basic catalysis under acidic conditions, a feature difficult to achieve without the 
supramolecular control. 
Interestingly, our MINP(6)-DMAP catalyst displayed selectivity opposite to that of the 
intrinsic reactivity. The Michaelis–Menten study revealed that, although binding affinity of 
the substrate was important to the catalysis, the catalytic selectivity could derive from other 
properties even in relatively simple artificial enzymes. Our results suggest a better control of 
the active site is important if chemists want to construct enzyme mimics. Molecular 
imprinting is a very powerful method for constructing guest-specific binding pockets. With 
the micellar imprinting technique, we can create protein-size nanoparticles with well-defined 
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active sites. As we develop stronger abilities to control the size, shape, and functionalities in 
the active sites, we should be able to construct more capable artificial enzymes for less 
reactive substrates with higher selectivity. 
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Experimental Section 
General Method  
All reagents and solvents were of ACS-certified grade or higher and used as received 
from commercial suppliers. Millipore water was used to prepare buffers and nanoparticles. 
1
H and 
13
C NMR spectra were recorded on a VARIAN MR-400 or on a VARIAN VXR-400 
spectrometer. Dynamic light scattering (DLS) was performed on a PD2000DLSPLUS 
dynamic light scattering detector. Mass spectrometry was performed on AGILENT 6540 
QTOF mass spectrometer. UV-vis spectra were recorded on a Cary 100 Bio UV-visible 
spectrophotometer. 
Syntheses 
Syntheses of compounds 1–436 and 529c were previously reported. 
Sodium 6-azidonaphthalene-2-sulfonate (8): A solution of 6-amino-2-
naphthalenesulfonic acid (1.50 g, 6.72 mmol) in 10 mL of concentrated sulfuric acid was 
stirred at -10 °C while a solution NaNO2 (1.00 g, 14.50 mmol) in 8 mL of water was added 
dropwise. Additional 10 mL of water was added. After the reaction mixture was stirred for 
45 min, sodium azide (1.00 g, 15.38 mmol) in 9 mL of water was slowly added. After the 
mixture was at 4 °C for 8 h, sodium chloride (12 g) was added. The precipitate formed was 
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collected by suction filtration and quickly washed with water (2 × 15 mL) to yield a pink 
powder (1.57 g, 94%). 
1H NMR (400 MHz, DMSO, δ): 8.15 (t, J = 8.0 Hz, 1H), 8.04 (d, J = 
8.8 Hz, 1H), 7.85 (d, J = 8.8Hz , 1H), 7.72 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.67 (d, J = 2.4 
Hz, 1H), 7.27 (dd, J1 = 8.8 Hz, J2 = 2.4 Hz, 1H). ). 
13C NMR (100 MHz, DMSO, δ): 145.2, 
138.0, 133.9, 131.1, 130.1, 127.1, 125.4, 124.6, 119.7, 116.0. ESI-HRMS (m/z): [M-Na]
-
 
calcd for C10H6N3O3S, 248.0135; found, 248.0129. 
 
 
Scheme 2. Structure of 8, 9. 
 Compound 6: To an ice-cold solution of  1-(5-methoxy-2-nitro-4-(prop-2-yn-1-
yloxy)phenyl)ethan-1-ol (9)
36
 (100 mg, 0.40 mmol) and triethylamine (0.17 mL, 1.2 mmol) 
in anhydrous dichloromethane (20 mL), methacryloyl chloride (0.12 mL, 1.2 mmol) was 
added dropwise under nitrogen. The mixture was warmed to room temperature and stirred 
overnight. The reaction was quenched by the addition of water and extracted with ethyl 
acetate (2 × 10 mL). The organic layer was washed with 1 M HCl to ~pH 6 and rinsed with 
water (2 × 10 mL). The crude product was dried over sodium sulfate and the solvents 
removed in vacuo to give a clear oil. The oil obtained (30 mg, 0.09 mmol) was added to 8 (20 
mg, 0.08 mmol) in a 2:1 THF/water mixture (5 mL). Sodium ascorbate (28 mg, 0.12 mmol) 
and copper sulfate hydrate (23 mg, 0.08 mmol) were added and the mixture was stirred at 
40 °C in the dark for 12 h. The solvents were removed in vacuo and sodium chloride (10 g) 
was added to the concentrated mixture. The precipitate collected was rinsed with 
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dichloromethane (10 mL), dried in air, washed with a 5:3 mixture of 
dichloromethane/methanol, and purified by column chromatography over silica gel using 2:1 
methylene chloride/methanol as the eluent to give a yellow powder (20 mg, 44%). 
1
H NMR 
(400 MHz, CD3OD, δ): 8.85 (s, 1H), 8.45 (d, J = 4.0 Hz, 2H), 8.22 (d, J = 4.0 Hz, 1H), 8.14-
8.09 (m, 2H), 8.02 (d, J = 12 Hz, 1H), 7.89 (s, 1H), 7.20 (s, 1H), 6.45 (d, J = 4.0 Hz, 1H), 
6.21 (s, 1H), 5.69 (s, 1H), 5.40 (s, 2H), 4.63 (s, 3H), 1.93 (d, J = 16 Hz, 3H), 1.69 (d, J = 8.0 
Hz, 3H). 
13C NMR (100 MHz, CD3OD, δ): 170.3, 138.4, 128.5, 125.8, 125.8, 125.8, 123.0, 
123.0, 123.0, 123.0, 120.4, 120.4, 120.4, 120.4, 119.3, 119.3, 119.3, 112.8, 112.8, 112.8, 
108.0, 80.0, 72.9, 55.2, 28.9, 27.9. ESI-HRMS (m/z): [M-Na]
-
 calcd for C26H23N4O9S, 
567.1180; found, 567.1186. 
Compound 7: The same procedure for 6 was followed using 4-azidobenzoate instead of 
8. The overall yield of the reactions was 41%. 
1H NMR (400 MHz, DMSO, δ): 9.07 (s,  1H), 
8.13 (d, J = 12 Hz, 2H), 8.06 (d, J = 8 Hz, 2H), 7.87 (s, 1H), 7.17 (s, 1H), 6.26 (q, J = 4.0 Hz, 
1H), 6.12 (s, 1H), 5.71 (s, 1H), 5.35 (s, 2H), 3.87 (s, 3H), 1.86 (s, 3H), 1.62 (d, J = 8.0 Hz, 
3H). 
13C NMR (100 MHz, DMSO, δ): 166.1, 154.0, 146.7, 143.8, 140.1, 136.1, 132.7, 126.9, 
123.9, 120.4, 109.7, 109.3, 68.31, 62.32, 56.65, 21.75. ESI-HRMS (m/z): [M-Na]
-
 calcd for 
C23H21N4O8, 481.1365; found 481.1359. 
General procedure for the preparation of MINP-COOH: A typical procedure is as 
follows.
36
 To a micellar solution of compound 1 (9.3 mg, 0.02 mmol) in D2O (2.0 mL), 
divinylbenzene (DVB, 2.8 μL, 0.02 mmol), compound 2 in D2O (10 μL, 0.0004 mmol), and 
AIBN (10 μL of a 8.2 mg/mL solution in DMSO, 0.0005 mmol) were added. (D2O instead of 
H2O was used in the preparation so that the cross-linking and polymerization of the micelles 
could by monitored by 
1
H NMR spectroscopy.) The mixture was subjected to ultrasonication 
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for 10 min before compound 3 (4.13 mg, 0.024 mmol), CuCl2 (10 μL of a 6.7 mg/mL 
solution in D2O, 0.0005 mmol), and sodium ascorbate (10 μL of a 99 mg/mL solution in D2O, 
0.005 mmol) were added. After the reaction mixture was stirred slowly at room temperature 
for 12 h, compound 4 (10.6 mg, 0.04 mmol), CuCl2 (10 μL of a 6.7 mg/mL solution in D2O, 
0.0005 mmol l), and sodium ascorbate (10 μL of a 99 mg/mL solution in D2O, 0.005 mmol) 
were added. After being stirred for another 6 h at room temperature, the reaction mixture was 
transferred to a glass vial, purged with nitrogen for 15 min, sealed with a rubber stopper, and 
heated at 75 
o
C for 16 h. The resultant solution (2 mL) was cooled to room temperature, 
purged with nitrogen again for 15 min, and irradiated in a Rayonet reactor for 12 h. The 
precipitate formed after addition of acetone (8 mL) was collected by suction filtration and 
washed five times with 1:4 water/acetone mixture and five times with methanol. The material 
was dried in air to give an off-white powder (15 mg, 75%). 
General procedure for the preparation of MINP-DMAP: A typical procedure is as 
follows. EDCI (10 µL of a 61 mg/mL solution in dry DMF, 0.004 mmol) was added to a 
stirred solution of MINP-COOH (20.0 mg, 0.0004 mmol) in dry DMF (1 mL) at 0 
o
C under 
nitrogen. After 2 h, compound 5 (10 µL of a 66.1 mg/mL solution in DMF, 0.004 mmol) was 
added and the mixture was stirred for 24 h at room temperature. The mixture was 
concentrated in vacuo and poured into 2 mL of acetone. The precipitate formed was collected 
by centrifugation and rinsed several times with 2 mL of acetone to afford the product as an 
off-white powder (15 mg, 75%).   
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Kinetic experiments 
Stock solutions of PNPH and PNPA (10.0 mM) in methanol were stored in a refrigerator 
and used within 3 days. A typical kinetic experiment is as follows. A 60 µM stock solution of 
MINP(2)-DMAP was prepared by dissolving of 3.0 mg of the MINP in 1.00 mL of HEPES 
buffer (25 mM, pH 8.0). An aliquot of this solution (500 µL) was diluted with the HEPES 
buffer in a cuvette to a final volume of 2.00 mL. The cuvette was placed in a UV-vis 
spectrometer and equilibrated to 40 °C. After 5 min, 10 µL of the PNPH stock solution was 
added into the cuvette. The hydrolysis was monitored by the absorbance of para-
nitrophenoxide anion at 400 nm (or 320 nm for para-nitrophenol below pH7). 
 
 
Figure 5. 1H NMR spectra of (a) 1 in CDCl3, (b) alkynyl-SCM in D2O, (c) MINP(2) in D2O. 
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Figure 6. Distribution of the hydrodynamic diameters of the nanoparticles in water as 
determined by DLS for (a) alkynyl-SCM, (b) surface-functionalized SCM and (c) MINP-
COOH after purification. 
 
Figure 7. (a) Distribution of the molecular weights of the MINP-COOH. (b) The correlation 
curve for DLS. The molecular weight distribution was calculated by the PRECISION 
DECONVOLVE program assuming the intensity of scattering is proportional to the mass of 
the particle squared. 
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Figure 8. (a) Michaelis-Menten plot of the hydrolysis of PNPH by MINP(6)-DMAP. (b) 
Michaelis-Menten plot of the hydrolysis of PNPA by MINP(6)-DMAP. The hydrolysis was 
done in a 25 mM HEPEs buffer (pH 8.0) at 40 °C. [MINP(6)-DMAP] = 10 µM. 
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Figure 9. (a) Michaelis-Menten plot of the hydrolysis of PNPA by Bovine Carbonic 
Anhydrase (BCA). [BCA] = 10 µM. (b) Double-reciprocal plot (Lineweaver-Burk) of the 
hydrolysis of PNPA by BCA. (c) Michaelis-Menten plot of the hydrolysis of PNPH by BCA. 
The hydrolysis was done in a 25 mM HEPEs buffer (pH 8.0) at 40 °C. [BCA] = 8.0 µM. (d) 
Double- reciprocal plot (Lineweaver-Burk) of the hydrolysis of PNPH by BCA. The 
hydrolysis was done in a 25 mM HEPEs buffer (pH 8.0) at 40 °C.  
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Figure 10. (a) Michaelis-Menten plot of the hydrolysis of PNPA by α-Chymotrypsin. (b) 
Double- reciprocal plot (Lineweaver-Burk) of the hydrolysis of PNPA by α-Chymotrypsin. 
(c) Michaelis-Menten plot of the hydrolysis of PNPH by α-Chymotrypsin. (d) Double- 
reciprocal plot (Lineweaver-Burk) of the hydrolysis of PNPH by α-Chymotrypsin. The 
hydrolysis was done in a 25 mM HEPEs buffer (pH 8.0) at 40 °C. [α-Chymotrypsin] = 10 
µM. 
1
H NMR and 
13
C NMR  
 
 Figure 11. 
 1
H NMR of 8 in DMSO-d6. 
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Figure 12. 13C NMR of compound 8 in DMSO-d6. 
 
 
Figure 13.
 1
H NMR of 6 in CD3OD. 
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Figure 14.
13
C NMR of compound 6 in CD3OD. 
 
 
Figure 15. 
 1
H NMR of 7 in DMSO-d6. 
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Figure 16. 
 13
C NMR of 7 in DMSO-d6. 
 
Figure 17.
 1
H NMR of sodium 4-azidobenzoate in DMSO-d6. 
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Figure 18.
 13
C NMR of sodium 4-azidobenzoate in DMSO-d6. 
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Abstract  
A difficult challenge in synthetic enzymes is the creation of substrate-selective active 
sites with accurately positioned catalytic groups. Covalent molecular imprinting in cross-
linked micelles afforded such active sites in protein-sized, water-soluble nanoparticle 
catalysts. Our method allowed a systematic tuning of the distance of the catalytic group to the 
bound substrate. The catalysts displayed enzyme-like kinetics and easily distinguished 
substrates with subtle structural differences.  
Introduction   
  Enzymes routinely perform extremely challenging catalysis such as nitrogen 
fixation and selective C-H activation with remarkable efficiency under ambient 
conditions. They also tend to be highly selective among substrates with similar 
intrinsic chemical reactivity. The center of these feats is their active sites, where 
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functional groups convergent from the folded peptide chain work cooperatively, 
sometimes with co-factors, to achieve the desired catalytic functions. In recent years, 
chemists have increasingly recognized the power of a functional, active-site-like 
microenvironment to enhance the catalyst’s activity and selectivity.31b, 50 For these 
biomimetic active sites, features of molecular recognition are introduced, in addition 
to catalytic groups, to facilitate the entry of the desire substrate over structural 
analogues and, in turn, to impart selectivity. 
 Nonetheless, in comparison to those found in enzymes, synthetic models of active 
sites cannot be easily tuned to accommodate substrates of different size and shape. 
Creation of a three-dimensional nanospace specific to a guest molecule is already a 
difficult challenge, let alone its multifunctionalization with molecular level precision 
for efficient chemical catalysis. 
      In this work, we report a method to introduce molecular recognition features and catalytic 
functionalities readily and rationally in an enzyme-resembling water-soluble nanoparticle. 
The work represents our continued efforts in creating biomimetic catalysts from simple 
building blocks.
29c, 46, 51
 The resulting artificial enzymes displayed esterase-like catalysis in 
the hydrolysis of activated esters and, more importantly, were able to distinguish substrates 
with subtle structural differences. The highlight of the method is the facile construction of the 
substrate-specific active site, the installment of the catalytic group at predetermined location, 
and the ability to fine-tune the distance of the catalytic group to the reactive group. Although 
hydrolysis is used as the model reaction, the method is general and should be useful in the 
design of other artificial enzymes with efficient and selective catalysis. 
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       The artificial esterase was constructed through micellar imprinting developed in our 
laboratory.
36
  Molecular imprinting
34b, 34c
 is a powerful technique to create guest-
complementary binding sites,
52
 and has been used to create synthetic catalysts for a number 
of reactions including hydrolysis, the Diels-Alder reaction, and aldol reactions, sometimes 
with remarkable activities.
34b, 35, 42b, 42d, 42e, 53
 However, several inherent challenges
40, 54
 make 
it difficult to manipulate imprinted active sites with molecular precision, thus limiting their 
usage in catalyst designs. 
Results and discussion  
 Scheme 1. Preparation of artificial esterase MINP-DMAP by micellar imprinting of template 
4. 
The synthesis of our nanoparticle catalysts is shown in Scheme 1, involving double 
cross-linking of the template-containing micelle of 1 (Scheme 1).
20b, 21, 36, 55
 The 
surface-cross-linking was achieved using diazide 2 by the click reaction and the core-
cross-linking using DVB by AIBN-initiated free radical polymerization. The 
nanoparticles are typically decorated with sugar-derived ligand 3 for water-solubility. 
The key design of our material is in the template: 4 has a methacrylate and thus will 
polymerize with 1 and DVB to be covalently attached to the micelle during the core 
cross-linking. The molecule consists of two parts: the cyan moiety is used as a photo-
43 
 
cleavable placeholder to introduce the catalytic pyridyl group through amine 5a–c; the 
red moiety is similar to the substrate (p-nitrophenyl hexanoate or PNPH) in the 
hydrolysis. Through such a design, we can create an active site highly specific to any 
substrate in principle, with a nearby catalytic group installed at predetermined position 
and angle. Compared to our earlier examples,
2c,2d
 this design is expected to yield 
strong substrate-selectivity in the catalysis as a result of the shape-selectivity of the 
active site.  
Synthesis and characterizations of MINPs followed published procedures.
20b, 21, 36, 55
 
Generally, the surface- and core-cross-linking were monitored by 
1
H NMR spectroscopy. 
The surface-cross-linking has been verified by mass spectrometry after the 1,2-diol in the 
cross-linked 2 was cleaved.
45
 Dynamic light scattering (DSL) afforded the molecular weights 
of the nanoparticles and their size (~5 nm with ligand 3). The DLS size has been confirmed 
by transmission electron microscopy (TEM).
56
 
UV irradiation of the MINP with covalently attached 4 led to photolytic cleavage of 
the well-known o-nitrobenzyl linkage to free the template.
55
 To confirm the removal 
of the template,
57
 we studied the binding of guest 6 by MINP-COOH, the intermediate 
nanoparticle to the final MINP-DMAP. We used the acid because the carboxylate was 
soluble enough in water for us to perform the titration. The guest is expected to fit 
within the binding site formed by the removal of the template due to its similarity to 4. 
The carboxyl group of 6 should also hydrogen-bond with the carboxyl group of 
MINP-COOH through the carboxylic acid dimer.
55
 Isothermal titration calorimetry 
(ITC) gave an association constant of Ka = (1.85 ± 0.22) × 10
4 
M
-1
 in HEPES buffer 
(Figure 1). The titration also revealed that the average number of the binding site per 
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nanoparticle was N = 0.98 ± 0.06. The number agreed well with the amount of 
template used in the MINP preparation. Because each MINP was estimated by 
dynamic light scattering to have ~50 cross-linked surfactants. A 50:1 ratio of [1]/[4] is 
expected to afford an average of one template per nanoparticle.
36
 The ITC binding 
thus confirmed a clean removal of the template under the photolysis condition, 
consistent with an earlier report.
55
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Figure 1. ITC curve obtained at 298 K from titration of MINP-COOH with 6 in 10 mM 
HEPEs buffer (pH = 7). MINP-COOH = 80 µM in the cell. The concentration of 6 in the 
syringe was 1.0 mM. 
MINP-COOH was then derivatized through amide coupling using EDCI. To ensure 
high-yielding conversion, a 10-fold excess of EDCI and the amine was used. The 
condition
55
 has been shown to successfully convert a carboxylic group inside the 
MINP pocket to the corresponding amide.
58
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The above procedures are expected to yield an active site inside the hydrophobic core of the 
MINP that is highly specific for binding the substrate (PNPH). The active site also contains a 
powerful nucleophilic catalyst (DMAP or 4,4-dimethylamino-pyridine)
44a, 44b, 59
 in the 
proximity of the bound ester (Scheme 1). We expect the strong nucleophile would attack the 
ester bound in the active site, followed by the breakdown of the positively charged 
tetrahedral intermediate by water to regenerate the catalyst. Unlike enzymes that can only use 
biologically available nucleophiles, our synthetic catalysts can use more powerful groups 
such as DMAP.  Template 4 was designed so that the pyridyl nitrogen would point to the 
carbonyl for the intended nucleophilic catalysis. By changing the length of the tether (n = 1–3) 
in the amine (5a–c), we can tune the distance of the catalytic pyridyl to the substrate bound in 
the active site. Product inhibition is not a concern because the products (hexanoic acid and p-
nitrophenol) are more hydrophilic than the substrate and should migrate into the aqueous 
solution. 
 
Figure 2. Absorbance at 400 nm as a function of time for the hydrolysis of PNPH in 25 mM 
HEPEs buffer (pH 8.0) at 40 ℃.  The data sets correspond to hydrolysis in the absence of 
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catalysis () and catalyzed by MINP-DMAP-5a () and DMAP (), respectively. [PNPH] = 
50 µM. [MINP-DMAP-5a] = [DMAP] = 15 µM.  
Figure 2 shows the hydrolysis of PNPH catalyzed by MINP-DMAP-5a in aqueous buffer 
(pH 8). The reaction was monitored by the formation of p-nitrophenoxide with a strong 
absorption at 400 nm. Our experiments show that the ester hydrolyzed negligibly in pH8 
buffer, with or without molecular DMAP. Protonated DMAP has a pKa of 9.7.
44a
 At lower 
pH, the pyridyl nitrogen is protonated and loses its catalytic activity. The high activity of 
MINP-DMAP-5a indicates that the pyridyl behaved very differently inside the cross-linked 
micelle. Enzymes frequently use the microenvironment of the active site to shift the pKa of 
acidic/basic groups.
47, 60
 Because ionic groups are better solvated by water than hydrocarbon, 
it is more difficult to protonate an amine (or deprotonate a carboxylic acid) in a hydrophobic 
pocket. In addition, positive charges nearby are often used by enzymes to hinder the 
protonation of an amine. We can easily imagine both principles in operation within the 
positively charged MINP. 
 
Table 1. Kinetic data for the hydrolysis of activated esters.
a 
Entry Ester 
Rate Constant k × 10
4 
(s
-1
) 
MINP-
DMAP(5a) 
MINP-
DMAP(5b) 
MINP-
DMAP(5c) DMAP 
1 PNPH 54.8 ± 0.1 56.7 ± 3.0 42.7 ± 1.8 0.50 ± 0.17 
2 7 1.4 ± 0.1 2.0 ± 0.3 - 0.14 ± 0.01 
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Table 1.（continued） 
3 8 2.3 ± 0.4 1.6 ± 0.4 - 0.04 ± 0.01 
4 9 3.9 ± 0.1 2.5 ± 0.3 - 0.35 ± 0.03 
a
The reaction rates were measured in 25 mM HEPES buffer (pH 8.0) at 40 °C. The 
background hydrolysis of PNPH in the same buffer was very slow, with an estimated rate 
constant of 0.15 × 10
-4 
s
-1
.  [PNPH] = 50 µM. [MINP-DMAP] = 15 µM. 
 
Scheme 2. Structure of substrates.  
Table 1 summarizes the rate constants of the different MINPs. In addition to PNPH, 
we examined three other activated esters (7–9) to understand the selectivity of our 
catalysts as a result of the shape and hydrophobicity of the active site. As shown by 
entry 1, the hydrolysis of PNPH occurred in the order of MINP-DMAP-5a ≈ MINP-
DMAP-5b > MINP-DMAP-5c. Thus, the location of the pyridyl group inside the 
MINP active site did affect the hydrolysis, as expected. Since the active site was 
created from template 4, which has an ethylene oxide tether between the substrate-like 
moiety and the phenyl group, we did anticipate MINP-DMAP(5a) or MINP-
DMAP(5b) to be optimal for the catalysis. The butylene oxide tether in 5c probably is 
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too long and might have interfered with the substrate binding or catalysis (see below 
for additional discussion). 
MINP-DMAP-5a and MINP-DMAP-5b, our best catalysts, both showed remarkable 
selectivity for the intended substrate (PNPH) over other activated ester analogues. The 
observed rate constants for 7–9 were 14–40 times slower in comparison to that of PHPH. 
Thus, the active site was highly selective as designed. Branching on the alkyl chain (in 7), 
change of the substituent on the phenyl ring (in 8), and an increase of hydrophilicity on the 
carbonyl side (in 9) could all be distinguished with ease. In contrast, molecular DMAP in 
Table 1 afforded much slower kinetics and much lower selectivity in the hydrolysis—this 
should reflect the intrinsic reactivity of the substrate as DMAP in solution in Figure 1 gave 
the same reaction rates as the hydrolysis in buffer. Take PNPH and the hydrophilic 9 as the 
example. With molecular DMAP, the ratio of the rate constants of the two was 1.4/1 but, 
with MINP-DMAP-5b, became as high as 23/1.   
All the MINPs displayed enzyme-like Michaelis–Menten   kinetics described by v0 = 
Vmax[S0]/( Km+ [S0]), in which v0 is the initial velocity, S0 the initial substrate 
concentration, Vmax the maximum velocity at a particular enzyme concentration, and 
Km the Michaelis constant that measures the binding affinity of the substrate to the 
enzyme (ESI).
48
 As shown by Table 2, MINP-DMAP-5a and MINP-DMAP-5b 
behaved very similarly but MINP-DMAP-5c was more different. The rate acceleration 
factor (kcat/kuncat) ranged from 11,000 to 17,000 for PNPH at pH8.  
Earlier, we saw that MINP-DMAP-5c was the least active catalyst among the three for PNPH. 
The Michaelis-Menten study revealed that the culprit was the weak binding of the substrate, 
as shown by the largest Km value of this catalyst among the three. The Vmax and kcat (= 
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Vmax/[enzyme concentration]) values of MINP-DMAP-5c were actually the highest among 
the three MINP catalysts. 
Table 2. Michaelis-Menten parameters for the hydrolysis of PNPH catalyzed by MINP-
DMAP catalysts
 a
 and some natural enzymes.
  
Entry catalyst Vmax (µM/s) 
Km 
(µM) 
kcat (s
-1
) 
kcat/Km 
(M
-1
s
-1
) 
1 
MINP-DMAP-
5a 
0.85±0.07 405±12 0.17±0.01 420 
2 
MINP-DMAP-
5b 
0.98±0.01 442±1 0.196±0.001 440 
3 
MINP-DMAP-
5c 
1.28±0.02 663±10 0.259±0.003 387 
4 BCA
 
0.033±0.003 230±40 
0.0042±0.000
4 
18 
5 α-chymotrypsin 7.33±0.83 670±80 0.73±0.08 1090 
a 
The reaction rates were measured in 25 mM HEPEs buffer (pH 8.0) at 40 °C in 
duplicates.  
For comparison purposes, we included data for bovine carbonic anhydrase (BCA) 
and α-chymotrypsin, which are frequently used in the literature to catalyze the 
hydrolysis of para-nitrophenyl esters.
49
 (Note that these enzymes were not natural 
esterases designed to hydrolyze the activated esters). As our data shows, the MINP-
DMAPs were far more active than BCA and ~40% as efficient as α-chymotrypsin, 
evident from the catalytic efficiency values (kcat/Km).
48
 Many artificial zinc enzymes 
have been produced to mimic carbonic anhydrase and their activities were often 
evaluated in their catalytic hydrolysis of p-nitrophenyl acetate (PNPA).
61
 The catalytic 
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efficiency of our DMAP-MINPs (kcat/Km = 390–440 M
-1
s
-1
) compared favorably with 
the reported values (kcat/Km = 3–180 M
-1
s
-1
) for these artificial enzymes, especially 
considering that PNPH was less reactive than PNPA in the background hydrolysis. 
 
Figure 3. Amount of p-nitrophenoxide forms as a function of time, calculated based on an 
extinction coefficient of 400 = 0.0216 µM
-1 
cm
-1
. The turnover number of 390 was obtained 
at 600 min. 
Many reported synthetic esterases displayed low turnovers (10–50) in the hydrolysis 
of p-nitrophenyl esters, due to product inhibition.
61
 When a large excess (500 equiv) 
of PNPH was used, MINP-DMAP-5b, our most efficient catalyst, was found to 
function even at high turnovers (Figure 3). The turnover number (TON) was 
calculated to be 390 at 600 min. The much higher turnovers observed suggest that 
product inhibition was much less of a problem in our catalyst than those reported in 
the literature.     
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Conclusion 
 Although many artificial enzymes have been reported including ones that could 
hydrolyze activated esters,
31b, 50
 creation of tailor-made active sites for arbitrary 
substrates remains a difficult challenge, making it difficult for synthetic catalysts to 
have high selectivity among structural analogues. The cross-linked micelle is a 
powerful platform to prepare strong and selective receptors for many types of 
molecules including small-molecule drugs,
21
 carbohydrates,
37
 and peptides.
38
 This 
work shows that the micellar imprinting method could be used rationally to create 
well-defined,  substrate-specific active sites and accurately installed catalytic groups. 
A notable feature of our catalysts is the ability to fine-tune the position of the catalytic 
group with respect to the functional group to be transformed. This could be an 
extremely useful feature in the design of future artificial enzymes. 
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Experimental Section 
General Method  
For spectroscopic purpose, methanol, hexanes, and ethyl acetate were of HPLC 
grade.  All other reagents and solvents were of ACS-certified grade or higher, and were 
used as received from commercial suppliers.  Routine 
1
H and 
13
C NMR spectra were 
recorded on a Bruker DRX-400 or on a Varian VXR-400 spectrometer.  MALDI-TOF 
mass was recorded on a Thermobioanalysis Dynamo mass spectrometer.  UV-vis spectra 
were recorded at ambient temperature on a Cary 100 Bio UV-visible spectrophotometer.  
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Fluorescence spectra were recorded at ambient temperature on a Varian Cary Eclipse 
Fluorescence spectrophotometer.  ITC was performed using a MicroCal VP-ITC 
Microcalorimeter with Origin 7 software and VPViewer2000 (GE Healthcare, 
Northampton, MA).  
Syntheses  
 
Scheme3. Synthesis of compound 4 
 
 
Scheme4. Synthesis of compound 5c 
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Scheme5. Synthesis of compound 6 
 
Scheme6. Synthesis of compound 7 
 
Scheme5S. Synthesis of compound 8 
 
Scheme7. Synthesis of compound 9 
 
Syntheses of compounds 1,
 
2,
 
3,
20
 5a, 5b,
21
 11, 12, 13,
22
 18,
23
 20,
24
 21,
25
 7
26
 were previously 
reported. 
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1-(4-(2-Bromoethoxy)-5-methoxy-2-nitrophenyl) ethan-1-one (14). K2CO3 (1.7 g, 12 
mmol) was added to a solution of compound 13 (1.0 g, 4.7 mmol) in 10 mL DMF at room 
temperature. After the reaction mixture was stirred at 50 °C for 12 h, the solvent was 
removed by rotary evaporation. The residue was purified by column chromatography over 
silica gel using 1:1 hexane/ethyl acetate as the eluent to give a light yellow powder (0.63 g, 
43%). 
1
H NMR (400 MHz, CDCl3, δ): 7.67 (s, 1H), 6.8 (s, 1H), 4.45 (t, J = 6.4 Hz, 2H), 4.00 
(s, 3H), 3.73 (t, J = 6.4 Hz, 2H), 2.53 (s, 3H). 
13
C NMR (100 MHz, CDCl3) δ 199.88, 154.53, 
147.97, 138.06, 133.66, 109.10, 109.04, 77.37, 77.06, 76.74, 69.35, 56.74, 30.38, 28.14. ESI-
HRMS (m/z): [M + H]
+
 calcd for C11H12NO5Br, 317.9972; found, 317.9974. 
1-(4-(2-((4-Isopropylphenyl) amino)ethoxy)-5-methoxy-2-nitrophenyl)ethan-1-one (15).  
K2CO3 (0.82 g, 6 mmol) was added to a solution of compound 14 (0.63 g, 2 mmol) in 10 mL 
of acetonitrile at room temperature. After the reaction mixture was stirred at 80 °C for 12 h, 
the solvent was removed by rotary evaporation. The residue was purified by column 
chromatography over silica gel using 1% methanol in dichloromethane as the eluent to give a 
light yellow oil (0.21 g, 28%). 
1
H NMR (400 MHz, CDCl3, δ): 7.66 (s, 1H), 7.14 (d, J = 4 Hz, 
2H), 6.81-6.79 (m, 3H), 4.34 (t, J = 4.4 Hz, 2H), 4.00 (s, 3H), 3.67 (t, J = 4.4 Hz, 2H), 2.92-
2.84 (m, 1H), 2.53 (s, 1H), 1.24 (d, J = 5.2 Hz, 6H). 
13
C NMR (100 MHz, CDCl3, δ): 200.1, 
154.1, 149.2, 145.6, 138.6, 138.2, 134.4, 126.2, 113.3, 108.4, 108.1, 67.71, 55.96, 52.03, 
43.38, 33.16, 24.23. ESI-HRMS (m/z): [M + H]
+
 calcd for C20H24N2O5, 373.1758; found, 
373.1756. 
N-(2-(4-Acetyl-2-methoxy-5-nitrophenoxy) ethyl)-N-(4-isopropylphenyl) hexanamide 
(16). Triethylamine (0.39 mL, 3.0 mmol) was added to a solution of compound 15 (0.21 g, 
0.6 mmol) and hexanoyl chloride (0.42 mL, 3.0 mmol) in dry dichloromethane (5 mL) at 
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0 °C. After the reaction mixture was stirred at room temperature for 12 h, the solvent was 
removed by evaporation. The residue was purified by column chromatography over silica gel 
using 1:1 hexane/ethyl acetate as eluent to give a yellow oil (0.15 g, 55%). 
1
H NMR (400 
MHz, CDCl3, δ): 7.58 (s, 1H), 7.24 (d, J = 8.0 Hz, 2H), 7.17 (t, J = 12 Hz, 2H), 6.7 (s, 1H), 
4.28 (t, J = 6.0 Hz, 2H), 4.08 (t, J = 6.0 Hz, 2H), 2.96-2.89 (m, 1H), 2.04 (t, J=7.6 Hz, 2H), 
1.57-1.50 (m, 1H), 1.26 (d, J = 4.0 Hz, 6H), 1.20-1.11(m, 4H), 0.78 (t, J = 7.2 Hz, 3H). 
13
C 
NMR (100 MHz, CDCl3, δ): 200.0, 173.9, 171.0, 154.2, 148.8, 148.7, 140.6, 138.3, 132.9, 
128.1, 127.6, 108.8, 108.1, 66.50, 60.30, 56.52, 48.67, 34.22, 33.72, 31.52, 31.32, 30.29, 
25.05, 23.89, 20.95, 14.16, 13.84. ESI-HRMS (m/z): [M + H]
+
 calcd for C26H34N2O6, 
471.2490; found, 471.2481. 
N-(2-(4-(1-Hydroxyethyl)-2-methoxy-5-nitrophenoxy) ethyl)-N-(4-isopropylphenyl) 
hexanamide (17). Sodium borohydride (0.035 g, 1.0 mmol) was added to a solution of 
compound 16 (0.15 g, 0.30 mmol) in 2:1 THF/MeOH (5 mL) at 0
 
°C. After the reaction 
mixture was stirred at room temperature for 2 h, 5 mL water was added. The mixture was 
extracted with ethyl acetate (3 × 20 mL). The combined organic phase was concentrated by 
rotary evaporation to give a yellow oil (0.094 g, 66%). 
1
H NMR (400 MHz, CDCl3, δ): 7.53 
(s, 1H), 7.28-7.17 (m, 5H), 5.57-5.51 (m, 1H), 4.24 (t, J = 6.0 Hz, 2H), 4.07 (t, J = 6.0 Hz, 
2H), 3.95 (s, 3H), 2.97-2.90 (m, 1H), 2.05 (t, J = 7.6 Hz, 2H), 1.53 (d, J = 8.0 Hz, 3H), 1.27 
(d, J = 8.0 Hz, 6H), 1.22-1.13(m, 6H), 0.79 (t, J = 6.8 Hz, 3H). 
13
C NMR (100 MHz, CDCl3, 
δ): 173.9, 155.0, 148.8, 145.7, 140.6, 138.3, 137.9, 128.1, 127.6, 108.8, 108.1, 66.50, 65.30, 
60.10,  56.52, 48.67, 34.22, 33.72, 31.52, 31.32, 25.05, 24.46, 23.89, 14.16, 13.84. ESI-
HRMS (m/z): [M + H]
+
 calcd for C26H36N2O6, 473.2646; found, 473.2650. 
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1-(4-(2-(N-(4-Isopropylphenyl) hexanamido) ethoxy)-5-methoxy-2-nitrophenyl) ethyl 
methacrylate (4). Triethylamine (0.14 ml, 1 mmol) was added to a solution of compound 17 
(0.094 g, 0.30 mmol) in dry dichloromethane (5 mL) at 0
 
°C. After the reaction mixture was 
stirred at room temperature for 12 h, the solvent was removed by rotary evaporation. The 
residue was purified by column chromatography over silica gel using 1:1 hexane/ethyl 
acetate as eluent to a obtain a yellow oil (0.064 g, 41%). 
1
H NMR (400 MHz, CDCl3, δ): 7.55 
(s, 1H), 7.25 (d, J = 8.0 Hz, 2H), 7.00 (s, 1H), 6.7 (s, 1H), 6.52 (q, J = 6.4 Hz, 1H), 6.16 (s, 
1H), 5.6 (s, 1H), 4.25 (t, J = 6.0 Hz, 2H), 4.08 (t, J = 6.0 Hz, 2H), 3.90 (s, 3H), 2.98-2.91 (m, 
1H), 2.06 (t, J = 7.6 Hz, 2H), 1.65 (d, J = 8.0 Hz, 3H), 1.27 (d, J = 8.0 Hz, 6H), 1.21-1.14 (m, 
6H), 0.80 (t, J = 6.8 Hz, 3H). 
13
C NMR (100 MHz, CDCl3, δ): 173.9, 170.0, 165.9 155.0, 
148.8, 147.0, 140.6, 139.7, 136.3, 135.4, 128.1, 127.6, 125.6, 109.0, 108.1, 68.67, 66.30, 
60.10,  56.52, 48.67, 34.22, 33.72, 31.52, 31.32, 28.99, 25.05, 23.86, 22.59, 22.30, 21.93, 
20.92, 18.21, 14.16, 13.84. ESI-HRMS (m/z): [M + H]
+
 calcd for C30H40N2O7, 541.2908; 
found, 541.2917. 
Di-tert-butyl butane-1,4-diylbis(methylcarbamate) (19). Compound 18 (400 mg, 1.3 
mmol) was added to a suspension of sodium hydride (101 mg, 4.2  mmol) in dry DMF (5 
mL). The reaction mixture was stirred at room temperature for 2 h before the addition of 
methyl iodide (0.26 mL, 4.2 mmol). After 12 h, water (5 mL) was added. The mixture was 
extracted with dichloromethane (3 × 20 mL). The combined organic phase was concentrated 
by rotary evaporation and the residue was purified by column chromatography using 10% 
methanol in dichloromethane as the eluent to give a yellow oily product (107 mg, 26%). 
1
H 
NMR (400 MHz, CDCl3, δ): 3.21 (s, 2H), 2.82 (s, 3H), 1.49-1.45 (m, 2H), 1.44 (s, 9H). 
13
C 
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NMR (100 MHz, CDCl3, δ): 159.3, 47.88, 38.59, 32.69, 24.43, 22.80. ESI-HRMS (m/z): [M 
+ H]
+
 calcd for C16H32N2O4, 317.2908; found, 317.2917. 
N1, N4-Dimethyl-N1-(pyridin-4-yl)butane-1,4-diamine (5c). Compound 20 (200 mg, 1.7 
mmol) was added to a mixture of 4-chloropyridine hydrochloride (129 mg, 0.86 mmol) and 
sodium bicarbonate (143 mg, 1.7 mmol) in 10 mL of isoamyl alcohol. The reaction mixture 
was heated at 100 °C for 24 h. Solvent was removed by rotary evaporation and the residue 
was purified by column chromatography using 10% methanol in dichloromethane as the 
eluent to give a yellow oily product (70 mg, 42%). 
1
H NMR (400 MHz, CDCl3, δ): 8.14 (d, J 
= 4.0 Hz, 2H), 6.43 (d, J = 4.0  Hz, 3H), 3.75 (s, 1H), 3.32 (d, J = 4.0 Hz, 2H), 2.9 (s, 3H), 
2.6 (t, J = 8.0 Hz, 2H), 2.4 (s, 3H), 1.61-1.47 (m, 4H). 
13
C NMR (100 MHz, CDCl3, δ): 149.8, 
149.6, 106.4, 51.28, 37.47, 35.87, 26.71, 24.49. ESI-HRMS (m/z): [M + H]
+
 calcd for 
C11H19N3, 194.1652; found, 194.1647. 
Methyl 4-(2-bromoethoxy)-3-methoxybenzoate (22). Ethylene dibromide (0.75 mL, 5.0 
mmol) was slowly added into a mixture of K2CO3 (690 mg, 5.0 mmol) and compound 18 
(423 mg, 2.5 mmol) in DMF (5 mL). The mixture was stirred at 50 °C for overnight before 
water (5 mL) was added. The mixture was extracted with ethyl acetate (3 × 20 mL). The 
combined organic phase was concentrated by rotary evaporation and the residue was purified 
by column chromatography using 3:1 hexane/ethyl acetate as eluent to give a white powder 
(230 mg, 32%). 
1
H NMR (400 MHz, CDCl3, δ): 7.66 (dd, J = 8.4; 2.0 Hz, 1H), 7.64 (d, J = 
2.0 Hz, 1H), 6.90 (d, J = 8.4 Hz, 1H), 4.30 (t, J = 6.4 Hz, 2H), 3.92 (s, 3H), 3.90 (s, 3H), 
3.68(t, J = 6.4 Hz, 2H). 
13
C NMR (100 MHz, CDCl3) δ 178.12, 166.69, 151.35, 149.08, 
123.71, 123.36, 112.81, 112.53, 77.31, 77.20, 77.00, 76.68, 68.70, 56.13, 52.06, 31.58, 28.29, 
14.12. ESI-HRMS (m/z): [M + H]+ calcd for C11H13BrO4, 290.1957; found, 290.1963. 
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Methyl 4-(2-((4-isopropylphenyl)amino)ethoxy)-3-methoxybenzoate (23). K2CO3 (377 
mg, 2.25 mmol) was added to a mixture of compound 19 (650 mg, 2.25 mmol) and isobutyl 
aniline (0.36 mL, 5.6 mmol) in acetonitrile (10 mL). The reaction mixture was heated to 
reflux overnight. The solvent was removed by rotary evaporation. The residue was purified 
by column chromatography over silica gel using 20:1 dichloromethane/methanol as eluent to 
give a dark red oil (142 mg, 18%). 
1
H NMR (400 MHz, CDCl3, δ): 7.65 (d, J = 8.4 Hz, 1H), 
7.55 (s, 1H),7.06 (d, J = 8.4 Hz, 2H), 6.89 (d, J = 8.4 Hz, 1H), 6.63 (d, J = 8.4 Hz, 2H), 4.26 
(t, J = 5.6 Hz, 2H), 3.91 (s, 3H), 3.89 (s, 3H), 3.58 (t, J = 5.6 Hz, 2H), 2.82-2.77 (m, 1H), 
1.21 (d, J = 6.9 Hz, 6H). 
13
C NMR (100 MHz, CDCl3, δ): 166.8, 152.1, 149.0, 145.6, 138.6, 
127.2, 123.4, 123.1, 113.3, 112.4, 112.2, 67.71, 55.96, 52.03, 43.38, 33.16, 24.23. ESI-
HRMS (m/z): [M + H]+ calcd for C20H25NO4, 344.1856; found, 344.1863. 
Methyl 4-(2-(N-(4-isopropylphenyl)hexanamido)ethoxy)-3-methoxybenzoate (24). 
Hexanoyl chloride (0.12 mL, 0.82 mmol) was slowly added to a solution of compound 23 
(142 mg, 0.41 mmol) and triethylamine (0.12 mL, 0.82 mmol) in dry dichloromethane (5 mL) 
at 0 °C. The reaction was stirred overnight at room temperature. The solvent was removed by 
rotary evaporation and the residue was purified by column chromatography over silica gel 
using 20:1 dichloromethane/methanol as eluent to give an off-white powder (139 mg, 76%). 
1
H NMR (400 MHz, CDCl3, δ): 7.65 (d, J = 5.6 Hz, 1H), 7.58 (s, 1H),7.35 (s, 4H), 7.01 (d, J 
= 5.6 Hz, 1H), 4.27 (t, J = 3.6 Hz, 2H), 4.08 (t, J = 3.6 Hz, 2H), 3.90 (s, 6H), 2.99-2.96 (m, 
1H), 2.11 (t, J = 5.0 Hz, 2H), 1.56-1.52 (m, 2H), 1.3 (d, J = 4.6 Hz, 6H). 1.22-1.15 (m, 4H), 
0.81 (t, J = 4.52 Hz, 3H). 
13
C NMR (100 MHz, CDCl3, δ): 173.9, 166.9, 152.1, 148.6, 140.9, 
128.1, 127.5, 123.5, 112.3, 111.5, 65.66, 55.92, 51.98, 49.06, 34.28, 33.75, 31.37, 25.09, 
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23.95, 22.35, 22.29, 13.85. ESI-HRMS (m/z): [M + H]+ calcd for C26H35NO5, 442.2588; 
found, 442.2596.  
4-(2-(N-(4-Isopropylphenyl)hexanamido)ethoxy)-3-methoxybenzoic acid (6). LiOH (84 
mg, 1.0 mmol) was added to a solution of compound 21 (230 mg, 0.52 mmol) in 1:4 
H2O/THF (5 mL). The reaction mixture was stirred at room temperature overnight. The 
solvent was removed by rotary evaporation and the residue was purified by column 
chromatography over silica gel using 10:1 dichloromethane/methanol as eluent to give a 
white powder (200 mg, 90%). 
1
H NMR (400 MHz, CD3OD, δ) 7.61 (dd, J = 8.4, 2.0 Hz, 1H), 
7.56 (d, J = 2.0 Hz, 1H), 7.32 (s, 4H), 6.96 (d, J = 8.4 Hz, 1H), 4.24 (t, J = 5.5 Hz, 2H), 4.05 
(t, J = 5.5 Hz, 2H), 3.87 (s, 3H), 2.98 – 2.91 (m, 1H), 2.08 (t, J = 7.5 Hz, 2H), 1.50 (q, J = 7.3 
Hz, 2H), 1.26 (d, J = 6.9 Hz, 6H), 1.14 (tdt, J = 10.7, 7.0, 4.4 Hz, 4H), 0.78 (t, J = 6.9 Hz, 
3H). 
13
C NMR (100 MHz, CD3OD, δ) 174.7, 168.3, 152.2, 149.0, 148.9, 140.4, 128.06 , 
127.22 , 123.46 , 112.43 , 111.59 , 65.28 , 55.01 , 48.70 , 47.58 , 47.36 , 47.15 , 46.94 , 33.79 , 
33.66 , 30.93 , 24.89 , 22.96 , 21.88 , 12.74. ESI-HRMS (m/z): [M + H]+ calcd for 
C25H33NO5, 428.2431; found, 428.2435. 
2-Nitrophenyl hexanoate (8). Hexanoyl chloride (0.31 mL, 2.0 mmol) was added dropwise 
to a mixture o-nitrophenol (200 mg, 1.4 mmol) and triethylamine (0.22 mL, 1.4 mmol) in dry 
dichloromethane (10 mL). The reaction mixture was stirred at room temperature overnight. 
The solvent was removed by rotary evaporation and residue was purified by column 
chromatography using 20:1 dichloromethane/methanol as eluent to give a yellow oil (0.26 g, 
78%). 
1
H NMR (400 MHz, CDCl3, δ): 8.00 (dd, J = 8.0, 2.0 Hz, 1H), 7.57 (ddd, J = 8.0, 2.0 
Hz, 1H), 7.31 (ddd, J = 7.5, 1.3 Hz, 1H), 7.15 (dd, J = 8.0, 1.3 Hz, 1H), 2.56 (t, J = 7.5 Hz, 
2H), 1.73-1.66 (m, 2H), 1.38-1.25 (m, 4H), 0.85 (t, J = 7.0 Hz, 3H). 
13
C NMR (100 MHz, 
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CDCl3, δ) 171.33, 144.13, 141.81, 134.69, 126.49, 125.66, 125.22, 77.45, 77.13, 76.81, 33.92, 
31.14, 24.11, 22.28, 13.86. ESI-HRMS (m/z): [M + H]+ calcd for C12H15NO4, 238.2641; 
found, 238.2645. 
4-Nitrophenyl 2-(2-methoxyethoxy)acetate (9). Thionyl chloride (0.1 ml, 1.3 mmol) was 
added to a solution of 2-(2-methoxyethoxy)acetic acid (0.1 ml, 0.8 mmol) in THF (20 ml). 
The reaction mixture was heated to reflux at 55 °C for 4 h and all volatile materials were 
removed by rotary evaporation. The residue was dissolved with triethylamine (0.2 mL, 1.3 
mmol) in dry chloromethane (10 mL), followed by the addition of  p-nitrophenol (183 mg, 
1.3 mmol). The reaction was stirred at room temperature overnight. The solvent was removed 
by rotary evaporation and the residue was purified by column chromatography using 10:1 
dichloromethane/methanol as eluent to give a white powder (144 mg, 44%). 
1
H NMR (400 
MHz, CDCl3, δ): 8.28 (d, J = 8.0 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 4.45 (s, 2H), 3.83-3.81 
(m, 2H), 3.64-3.62 (m, 2H), 3.4 (s, 3H).
 13
C NMR (100 MHz, CDCl3, δ) 169.56, 168.09, 
154.81, 125.28, 122.24, 77.32, 77.01, 76.69, 72.01, 71.16, 68.59, 59.07. . ESI-HRMS (m/z): 
[M + H]+ calcd for C12H15NO4, 238.4453; found, 238.4456. 
MINP-COOH. A typical procedure is as follows.
27
 DVB (2.8 µL, 0.02 mmol), AIBN in 
DMSO (10 µL of 8.2 mg mL
-1
, 0.0005 mmol), 4 in DMSO (10 mL, 0.0004 mmol) were 
added to a 2.0 mL micellar solution of surfactant 1 (9.3 mg, 0.02 mmol) in H2O. The mixture 
was ultrasonicated for 10 min. Compound 3 (4.13 mg, 0.024 mmol), CuCl2 in H2O (10 µL of 
6.7 mg mL
-1
, 0.0005 mmol), and sodium ascorbate in H2O (10 µL of 99 mg mL
-1
, 0.005 
mmol) were then added and the reaction mixture was stirred slowly at room temperature 
(25 °C). After 12 h, compound 4 (15.9 mg, 0.06 mmol), CuCl2 in H2O (10 µL of 6.7 mg mL
-1
, 
0.0005 mmol), and sodium ascorbate in H2O (10 µL of 99 mg mL
-1
, 0.005 mmol) were added 
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and the mixture was stirred for another 6 h. The reaction vial was sealed with a rubber 
stopper and the reaction mixture was purged with nitrogen for 15 min before it was stirred at 
75 °C for 16 h. The resultant solution (2.0 mL) was cooled to room temperature and poured 
into acetone (8.0 mL). The precipitate formed was washed five times with 1:4 water/acetone 
mixture and dried overnight in the dark to give an off-white powder. The power was 
dissolved in Millipore water (1 mL) and irradiated in a Rayonet reactor for 12 h. Water was 
removed under reduced pressure and the residual sample was washed five times with 1:4 
water/acetone mixture in a centrifuge tube and dried to give the product as a white powder 
(15 mg, 75%). 
MINP-DMAP. A typical procedure is as follows.
28
 EDCI (10 µL of a 61 mg/mL solution in 
dry DMF, 0.004 mmol) was added to a stirred solution of MINP-COOH (20.0 mg, 0.0004 
mmol) in dry DMF (1 mL) at 0 °C under nitrogen. After 2 h, compound 5a-c (10 µL, 0.004 
mmol) was added and the mixture was stirred for 24 h at room temperature. The mixture was 
concentrated in vacuo and poured into 2 mL of acetone. The precipitate formed was collected 
by centrifugation and rinsed five times with 2 mL of acetone to afford the product as an off-
white powder (15 mg, 75%).   
Kinetic measurements 
Stock solutions (10 mM) of p-nitro phenyl hexanoate (PNPH) and other activated 
esters in methanol were prepared. The stock solutions were stored in a refrigerator and used 
within 3 d. Stock solutions of MINP-DMAP (60 µM) in 25 mM HEPES buffer were 
prepared.  For the kinetic experiment, a typical procedure is as follows: An aliquot of 500 µL 
of the MINP-DMAP stock solution was combined with 1500 µL of the same HEPES buffer 
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in a cuvette. The cuvette was placed in a UV-vis spectrometer and equilibrated to 40.0 °C. 
After 5 min, an aliquot of 10 µL of the PNPH stock solution was added. The concentration of 
the substrate (PNPH or other activated ester) in the reaction mixture was 50 µM and the 
concentration of the pyridyl group was 15 µM in all cases. The hydrolysis was monitored by 
the absorbance of p-nitrophenoxide anion at 400 nm. The experiments were generally 
performed in duplicates. 
 
Figure 4. 
1
H NMR spectra of (a) 1 in CDCl3, (b) alkynyl-SCM in D2O, (c) after core-
crosslinking in D2O, (d) purified MINP-COOH in D2O.
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Figure 5. Distribution of the hydrodynamic diameters of the nanoparticles in water as 
determined by DLS for (a) alkynyl-SCM, (b) surface-functionalized SCM and (c) MINP-
COOH after purification. 
 
Figure 6. (a) Distribution of the molecular weights of the MINP-COOH. (b) The correlation 
curve for DLS. The molecular weight distribution was calculated by the PRECISION 
DECONVOLVE program assuming the intensity of scattering is proportional to the mass of 
the particle squared. If each unit of building block for the MINP-COOH is assumed to 
contain one molecule of compound 1 (MW = 465 g/mol), 1.2 molecules of compound 2 
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(MW = 172 g/mol), one molecule of DVB (MW = 130 g/mol), 0.8 molecules of compound 3 
(MW = 264 g/mol), the molecular weight of MINP-COOH translates to 51 [=51400 / (465 + 
1.2×172 + 130 + 0.8×264)] of such units.   
  
Figure 7.  (a) Michaelis-Menten plot of MINP-DMAP(5a). (b) Double-reciprocal plot 
(Lineweaver-Burke) of MINP-DMAP(5a). The reaction rates were measured in 25 mM 
HEPEs buffer (pH 8.0) at 40 °C. [MINP-DMAP(5a)] = 5 µM. 
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Figure 8.  (a) Michaelis-Menten plot of MINP-DMAP(5b). (b) Double-reciprocal plot 
(Lineweaver-Burke) of MINP-DMAP(5b). The reaction rates were measured in 25 mM 
HEPEs buffer (pH 8.0) at 40 °C. [MINP-DMAP(5b)] = 5 µM. 
  
 
Figure 9.  (a) Michaelis-Menten plot of MINP-DMAP(5c). (b) Double-reciprocal plot 
(Lineweaver-Burke) of MINP-DMAP(5c). The reaction rates were measured in 25 mM 
HEPEs buffer (pH 8.0) at 40 °C. [MINP-DMAP(5c)] = 5 µM. 
1
H and 
13
C NMR spectra of key compounds 
 
Figure 10. 
 1
H NMR of 14 in CDCl3.   
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 Figure 11.
 13
C NMR of 14 in CDCl3. 
 
Figure 12. 
 1
H NMR of 15 in CDCl3.   
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Figure 13. 
 13
C NMR of 15 in CDCl3.   
 
Figure 14. 
 1
H NMR of 16 in CDCl3.   
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Figure 15. 
 13
C NMR of 16 in CDCl3 
 
Figure 16. 
 1
H NMR of 17 in CDCl3. 
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Figure 17. 
 13
C NMR of 17 in CDCl3. 
 
 
Figure 18. 
 1
H NMR of 4 in CDCl3. 
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Figure 19. 
 13
C NMR of 4 in CDCl3. 
 
 
 Figure 19. 
 1
H NMR of 5b in CDCl3. 
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Figure 20. 
 1
H NMR of 19 in CDCl3. 
 
Figure 21. 
 13
C NMR of 19 in CD3OD. 
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Figure 22. 
 1
H NMR of 5c in CDCl3. 
 
 
Figure 23. 
 13
C NMR of 5c in CD3OD. 
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Figure 24. 
 1
H NMR of 22 in CDCl3. 
 
Figure 25. 
 13
C NMR of 22 in CDCl3. 
74 
 
 
Figure 26. 
 1
H NMR of 23 in CDCl3 
 
 
Figure 27. 
 13
C NMR of 23 in CDCl3. 
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Figure 28. 
 1
H NMR of 24 in CDCl3 
 
 Figure 29. 
 13
C NMR of 23 in CDCl3. 
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Figure 30. 
 1
H NMR of 6 in CDCl3 
 
 
 
Figure 31. 
 13
C NMR of 6 in CD3OD. 
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Figure 32. 
 1
H NMR of 7 in CDCl3 
 
   
Figure 33. 
 1
H NMR of 8 in CDCl3 
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Figure 34. 
 13
C NMR of 8 in CDCl3. 
 
 
Figure 35. 
 1
H NMR of 9 in CDCl3 
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Figure 36. 
 13
C NMR of 9 in CDCl3. 
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Abstract 
Outcomes of chemical reactions generally are dominated by the intrinsic reactivities 
of reaction partners but enzymes frequently override these intrinsic constraints in biological 
reactions to transform less reactive molecules or functional groups in the presence of more 
reactive ones. Despite the attractiveness of such catalysis, it is difficult to build synthetic 
catalysts with these features in a rational way. Micellar imprinting is a powerful method to 
create template-complementary binding sites inside protein-sized water-soluble 
nanoparticles. When a polymerizable, photocleavable thiouronium functional monomer was 
used to bind two phosphonate/phosphate templates as transition-state analogues, active sites 
with predetermined size and shape were formed inside the doubly cross-linked micelles. 
Replacement of the binding group with a catalytic pyridyl group in the post-modification led 
to artificial esterases selective for activated esters among close structural analogues. The 
catalysts displayed enzyme-like kinetics and hundreds of turnover numbers. The selectivity 
of the catalysts, derived from the substrate-complementary imprinted active sites, enabled 
transformation of less reactive esters in the presence of more reactive ones.    
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Introduction 
In chemical catalysis, the intrinsic reactivity of a functional group or its chemical 
preference for the (metal or organic) catalyst often dictates the outcome of a reaction. In 
enzymatic catalysis, however, these intrinsic constraints set by the electronic and steric 
properties of a functional group can be overridden so that selective transformation among 
similarly reactive groups or selective conversion of less reactive groups in the presence of 
more reactive ones can take place. These features are essential to the biological manipulation 
of peptides, nucleic acids, and carbohydrates, which abound in chemically degenerate 
functional groups. As shown in synthetic carbohydrate chemistry, without effective catalysts 
to differentiate functional groups with similar intrinsic reactivity, chemists have to use 
extensive protective/deprotective chemistry which lengthens the synthesis substantially.
62
 
A key reason why enzymes could distinguish chemically degenerate functional groups lies 
in the molecular recognition capability of the catalytic active site. When only the substrate 
could enter the active site or turn on the catalytic machinery, other structural analogues 
without such abilities will stay intact even if they possess similarly reactive or more reactive 
functional groups as the substrate. 
In recent years, chemists have increasingly recognized the importance of molecular 
recognition in the design of substrate-selective catalysts.
31b, 50a, 50b, 63
 Selective activation of 
C-H bond,
64
 Diels–Alder reaction at unreactive site of anthracene,65 acidic catalysis under 
bulk basic conditions,
66
 and phosphorylation of a particular hydroxyl among numerous other 
hydroxyls
67
 have all been realized as chemists learn to employ specially designed binding 
groups or, more generally, the microenvironment around the catalytic center to interact with 
the substrate. Despite these progresses, the “microenvironmental engineering” of catalysts for 
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enhanced activity/selectivity is still at the early stage of development and very limited 
strategies are available to mimic the highly precise molecular recognition of enzymes.  
With similar goals in mind, our group has developed different methods to control the 
activity/selectivity of catalysts through tuning their microenvironment. As in biological 
catalysis, substrate selectivity was tuned through designed conformational changes of 
catalysts
29c, 68
 or specially engineered microenvironment that could recruit the substrate to the 
catalytic group.
46, 51a, 69
 Very recently, we developed a method to perform molecular 
imprinting in water-soluble cross-linked micelles.
36
 Molecular imprinting is a technique to 
create guest-specific binding sites within highly cross-linked polymers. In addition to many 
applications in separation and sensing,
41g, 52a, 52c, 52e, 52f, 52h, 52i
 molecularly imprinted polymers 
(MIPs) have been used to create biomimetic catalysts.
34b, 35, 42e, 53
 Our imprinted micelles, 
referred to as molecularly imprinted nanoparticles (MINPs), have overcome some notable 
challenges associated with traditional MIPs
40
 including direct imprinting in water, 
controllable number of binding sites per micelle, and high precision in the templated 
polymerization. When di- and tripeptides were used as templates, our MINP receptors easily 
distinguished isoleucine- and leucine-containing peptides that differ by the position of a 
single methyl group in the entire structure.
38
 Mono- and oligosaccharides that differ by the 
stereochemistry of a single hydroxyl were differentiated as well.
37
       
In this paper, we report a “bait-and-switch” method to construct artificial esterases for the 
substrate-selective hydrolysis of activated esters. We took advantage of the strong templating 
effect of micellar imprinting to create a binding site inside the MINP for a transition-state 
analogue (TSA) of a hydrolysis reaction. Although this is a common strategy used in 
traditional MIP catalysts, the solubility of our MINPs, usage of specially designed 
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photocleavable functional monomer (FM), and the accessibility of the binding sites allowed 
us to replace the binding group with a nucleophilic catalyst positioned near the ester bond to 
be hydrolyzed. Through this method of “bait and switch”, we not only created an active site 
precisely shaped as the intended substrate but also functionalized the site with a powerful 
catalytic group at the desired location. The result was a high selectivity of the catalysis 
among structural analogues with similar intrinsic reactivity. Furthermore, due to the 
noncovalent interactions between the photocleavable FM and the TSA, we could use another 
TSA to quickly prepare a shape-selective catalyst for a different substrate through the same 
imprinting/post-modification. Essentially, new TSAs could be used in a “plug-and-play” 
fashion with the same photocleavable FM, making it possible to create a wide range of 
enzyme-mimicking catalysts for the selective transformation of different substrates.   
Results and Discussion 
 
Scheme 1. Preparation of MINP by surface–core double cross-linking of template-containing 
micelle of 1.  
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Design, Syntheses, and Characterization of MINP Catalysts. The synthesis of MINPs is 
shown in Scheme 1. Surfactant 1 has a tripropargylammonium headgroup, enabling its 
micelles to be cross-linked and functionalized on the surface by the alkyne–azide click 
reaction.
43
 Its methacrylate at the end of the hydrophobic tail allows the surface-cross-linked 
micelles (SCMs) to be cross-linked in the core (with DVB) by free radical polymerization 
using AIBN as the thermal initiator. Precipitation of the resulting aqueous solution into 
acetone and washing the precipitated MINPs with organic solvents remove the 
template molecules to vacate the binding sites. We have shown in many examples that the 
binding sites were complementary to the template in size, shape, and functionality and the 
method worked for many different types of hydrophobic and hydrophilic guests.
36-38, 56, 70
 
MINPs are core/shell nanoparticles ca. 5 nm in diameter. They are soluble in water and 
selected organic solvents such as DMF and DMSO. Because each MINP is estimated by 
dynamic light scattering (DLS) to contain ~50 (cross-linked) surfactant molecules, it has an 
average of one binding site per nanoparticle if a surfactant/template ratio of 50:1 is used in 
the preparation. Doubling the amount of template results in two binding sites per 
nanoparticle, as demonstrated in a previous publication.
36
     
We used three activated esters (4–6) to test our design of selective catalysts, with 4 (p-
nitrophenyl hexanoate or PNPH) as the main substrate. We chose p-nitrophenyl esters 
because their hydrolysis can be readily monitored by the formation of the p-nitrophenoxide 
product which absorbs at 400 nm in UV-vis spectroscopy. More importantly, these 
compounds only differ in the acyl chain (linear vs branched) and showed very little 
differences in their background hydrolysis (vide infra). Thus, they serve as model substrates 
with similar intrinsic chemical reactivity. Typical chemical reagents or catalysts that can 
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Scheme 2. Structures of all the compounds.   
promote the hydrolysis, whether an acid, a base, or a nucleophilic catalyst, are not expected 
to differentiate these analogues. 
The rate-determining step in the hydrolysis of ester is normally the formation of the 
tetrahedral intermediate upon nucleophilic attack. Tetrahedral anions such as phosphates and 
phosphonates have long been used as the TSAs for ester hydrolysis.
71
 Compound 7 thus can 
serve as the TSA for the hydrolysis of PNPH. We put the phosphonate oxygen on the right 
side of the TSA and shortened the chain length to C4. In this way, the total number of atoms 
from the phosphorus to the chain end is 6, the same as that in the hexanoyl group in PNPH. 
At the outset of the project, we were not sure whether a p-nitrophenyl phosphate/phosphonate 
would be stable in our micellar imprinting—that was why we used 7 instead of 7' as the 
template for the higher hydrolytic stability of the former.
72
          
FM 8 is the most important design for our substrate-selective catalysts. Similar to other 
cationic groups such as guanidinium and amidinium, its thiouronium group can bind 
negatively charged phosphate through the hydrogen bond-reinforced salt bridge (see complex 
7·8). We recently found that this salt bridge was sufficiently stable for the micellar 
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imprinting of acidic peptides as long as the FM possesses significant hydrophobicity for its 
inclusion in the micelle of 1.
56b
 Another important feature of 8 is the methacrylate group that 
allows the FM to be co-polymerized with the methacrylate of 1 and DVB to become part of 
the core for the MINP. Most importantly, FM 8 has an o-nitrophenyl ester linkage, which is 
well-known to cleave under UV irradiation to regenerate the carboxylic acid. We have shown 
previously that the photolysis could be used to generate a carboxylic acid inside the MINP 
binding pocket.
55
 Because of the solubility of the MINPs in organic solvents such as DMF, 
we could activate the carboxylic acid of the photolyzed MINP(7)-COOH with N-ethyl-N′-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDCI) and derivatize it with amine 9 to 
afford MINP-A (Scheme 2a). The same procedure with commercially available 10 as the 
template led to MINP-B for the selective hydrolysis of bis(p-nitrophenyl) carbonate (BNPC) 
11 (Scheme 2b), suggesting p-nitrophenyl phosphate esters were stable under our imprinting 
conditions.      
  
Scheme 3. Preparation of DMAP-containing  MINP-A (a) and MINP-B (b) for the selective 
hydrolysis of activated ester PNPH 4 and BNPC 11, respectively. 
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A number of groups have employed phosphonate templates to generate MIP catalysts with 
esterolytic activity.
35, 42b, 42c, 73
 Our approach is different in some key aspects. First, MINPs 
are water-soluble enzyme-like organic nanoparticles with a controllable number of binding 
sites. Second, the combination of the high-fidelity micellar imprinting, a photocleavable FM, 
and solution-phase post-modification enabled by the solubility of the MINPs in organic 
solvents (DMF) makes is possible for us to replace the thiouronium binding group with a 
powerful nucleophilic catalyst resembling the more common N,N-dimethylpyridine (DMAP). 
Because the size and length of 9 is similar to the part of FM 8 to be removed by photolysis, 
the catalytic pyridyl nitrogen was placed right next to the phosphate group in our procedures. 
Once the template was removed and the desired substrate was bound by the MINP, the 
pyridyl nitrogen was expected to be in the proximity of the ester carbonyl through our bait-
and-switch strategy (Scheme 2a). In this way, instead of relying solely from a generic 
stabilization of transition state, the catalysis derives from a mechanism-based nucleophilic 
catalysis, different from traditional TSA-imprinted catalysts. Third, due to the noncovalent 
nature of the template–FM complex, we could easily replace the first template (7) with a 
different one (10) and use the same switch-and-bait procedures to prepare MINP-B 
selectively for BNPC 11 (Scheme 2b).          
Synthesis and characterization of MINPs have been reported in detail previously.
36-38
 The 
surface- and core-cross-linking are typically monitored by 
1
H NMR spectroscopy. The 
surface-cross-linking has been verified by mass spectrometry after the 1,2-diol in the cross-
linked 2 was cleaved by periodate.
45
 Dynamic light scattering (DSL) affords the molecular 
weight and size (~ 5 nm) of the MINPs. The DLS size has been confirmed by transmission 
electron microscopy (TEM).
56
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To confirm the creation of template-complementary active sites, we studied the binding of 
the two templates (7 and 10) by the MINPs in 25 mM HEPES buffer (Table 1). The binding 
was studied by isothermal titration calorimetry (ITC), one of the most reliable methods to 
study intermolecular interactions.
74
  The data supported that the molecular imprinting worked 
successfully with both templates. For example, MINP(7), the imprinted micelle prepared 
with 7 as the template, bound its template with a binding constant of Ka = (3.22 ± 0.67) × 10
4 
M
-1
 (entry 1). The value translates to a binding free energy of -∆G = 6.20 kcal/mol. Once the 
thiouronium group was replaced by the pyridyl in MINP-A, the binding constant decreased 
by ~50% (entry 2). One might think the loss of the cationic binding group should weaken the 
binding even more. However, protonated DMAP has a pKa of 9.7.
44a
 It is likely that, under 
our experimental conditions (pH 8.0), the pyridyl nitrogen was protonated and thus might be 
able to form a salt-bridge with phosphonate 7. The same trend was observed with MINP(10) 
and MINP-B in their binding of template 10: namely, the binding decreased roughly by half 
with the thiouronium group replaced by the pyridyl in the active site (entries 3 and 4).      
 
 
Table 1. Binding data for MINPs obtained by ITC
a 
Entry MINP
b 
Guest 
∆G 
(kcal/mol) 
N Ka (×10
4
 M
-1
) 
∆H 
(kcal/mol) 
T∆S 
(kcal/mol) 
1 MINP(7) 7 -6.20 0.8 ± 
0.1 
3.22 ± 0.67 -10.4 ± 
1.4 
-4.20 
2 MINP-A 7 -5.76 1.4 ± 
0.1 
1.64 ± 0.25 -2.27 ± 
0.16 
3.49 
3 MINP(10) 10 -6.97 1.4 ± 
0.1 
12.7 ± 0.3 -3.51 ± 
0.26 
3.46 
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Table 1. (continued) 
4 MINP-B 10 -6.59 1.2 ± 
0.1 
6.77 ± 0.13 -3.77 ± 
0.36 
2.82 
5 MINP(7) 10  -
b
 -
b
 -
b
 0.00 
6 MINP-A 10  -
b
 -
b
 -
b
 0.00 
7 MINP(10) 7 -5.67 0.6 ± 
0.1 
1.47 ± 0.37 -2.30 ± 
0.49 
3.37 
8 MINP-B 7 -5.77 1.5 ± 
0.1 
1.67 ± 0.21 -2.43 ± 
0.11 
3.34 
a
 The titrations were performed in duplicates in 25 mM HEPES buffer (pH 8.0) at 25 °C and 
the errors between the runs were <20%. 
b
 Binding was too weak to be detected accurately by 
ITC.  
 
Importantly, the binding of phosphate 10 by MINP(7) or MINP-A became very weak, 
even difficult to be measured accurately by ITC (entries 5 and 6). This was an expected result 
because, although both 7 and 10 have a p-nitrophenyl group, 10 is significantly bulkier than 7 
on the other side of the phosphorus and should not fit into the pocket tailor-made for the 
skinner butyl group. When the “reverse” cross-reactivity experiment was performed, i.e., 
when 7 was bound by MINP(10) and MINP-B, the bindings were found to be weaker than 
those of template 10 but clearly measurable (compare entries 7 and 8 with entries 3 and 4 of 
Table 1). The different results in these cross-reactivity studies are significant, because they 
showed that a binding site imprinted from a bulkier template (i.e., 10) could accommodate a 
skinnier template (i.e., 7), possibly through the folding of the alkyl chain of 7 to fit into the 
pocket generated for the p-nitrophenyl group. A bulkier template such as 10, however, cannot 
fit into the binding site imprinted from the skinnier 7. This type of behavior has been 
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observed multiple times in MINP binding and is consistent with the strong templating effect 
in the micellar imprinting.
37b, 38, 75
        
Catalytic Properties of MINP Catalysts. The above studies confirmed that MINP-A and 
MINP-B had the designed active sites to bind the corresponding templates. Although the 
procedures used in the photocleavage of the o-nitrobenzyl ester and subsequent amidation 
were reliable as shown by a previous work of ours,
55
 we need to verify that not only the 
pyridyl group was successfully installed but also able to perform substrate-selective catalysis 
as designed. 
Figure 1a shows the absorbance at 400 nm (for the p-nitrophenoxide product formed) as a 
function of reaction time when PNPH was hydrolyzed in buffer and with different catalysts. 
Hydrolysis of PNPH in buffer () basically overlapped with that catalyzed by molecular 
DMAP () and was practically negligible under the reaction conditions. Inactivity of 
molecular DMAP is not surprising at pH 8 due to its protonation. MINP(7)-COOH (), the 
MINP obtained after photolysis of MINP(7) to remove the thiouronium binding group, 
showed similar activity as that of nonimprinted nanoparticle (NIMP) prepared without FM 8 
and the template (). These two curves thus should reflect the generic ability of the cross-
linked micelles to promote the hydrolysis, which was also low under our experimental 
conditions. Gratifyingly, the fastest hydrolysis occurred with MINP-A () as the catalyst, 
with significant amounts of the ester hydrolyzed within minutes. The results suggest that only 
with the DMAP installed in the binding pocket did the MINP become active, supporting our 
catalytic design.       
Similar observations were made with MINP-B, designed to hydrolyze BNPC 11 (Figure 
1b). Because this substrate is more reactive than PNPH, we shortened the reaction time and 
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reduced the amount of the catalyst from 15 µM to 2.0 µM while keeping the concentration of 
the substrate (50 µM) the same. 
 
Figure 1. (a) Absorbance at 400 nm as a function of time for the hydrolysis of PNPH 5 in a 
25 mM HEPEs buffer (pH 8.0) at 40 °C. The data sets correspond to hydrolysis in the 
absence of catalysts () and catalyzed by MINP-A (), MINP(7)-COOH () prepared 
after photolysis of MINP(7) to remove the thiouronium binding group, nonimprinted 
nanoparticles (NIMP) prepared without FM 8 and any template (), and DMAP(), 
respectively. [PNPH] = 50 µM. [MINP-A] = [MINP(7)-COOH] =[NINP] =15 µM. (b) 
Absorbance at 400 nm as a function of time for the hydrolysis of BNPC 11 in a 25 mM 
HEPEs buffer (pH 8.0) at 40 °C. The data sets correspond to hydrolysis in the absence of 
catalysts () and MINP-7(6) (), MINP-COOH(6) (), NINP (), and DMAP () 
respectively. [BNPC] = 50 µM. [MINP-B] = [NINP] = DMAP = 2.0 µM.  
Table 2 summarizes the kinetic data obtained for the hydrolysis of these activated esters. 
The different trends of the reactivity among the esters can be seen more clearly in Figure 3, 
which compares the first-order hydrolytic rate constants for different substrates (4–6 and 11) 
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catalysed by MINP-A and in buffer, respectively. The rate constants for the hydrolysis in 
buffer (green columns) were magnified 50 times for easier visualization. The data in green 
shows that carbonate 11 was significantly more reactive than 4–6 in buffer, as a result of its 
higher intrinsic reactivity. When catalysed by MINP-A, PNPH 4 became by far the most 
reactive, 5–8 times more reactive than 5 and 6 and 35 times more reactive than BNPC 11 
(Table 2). Thus, as we had designed, when the nucleophilic catalytic group was placed in an 
active site that shaped exactly as the substrate, the substrate was made more reactive even 
when its intrinsic reactivity was similar or lower than its structural analogues. 
Table 2. Kinetic data for the hydrolysis of activated esters.
a 
Entr
y 
Ester  
first-order rate constant k × 10
4 
(s
-1
) 
 
MINP-A MINP-B DMAP buffer 
1 4 17.8 ± 0.7 1.00 ± 0.12
b 
0.133 ± 0.033
b
 0.0333 ± 0.0167 
2 5 2.28 ± 0.04 -
c 
0.0278 ± 0.0097 0.00667 ± 0.00167 
3 6 3.36 ± 0.21 -
c 
0.0445 ± 0.0192 0.0167 ± 0.0003 
4 11 0.506 ± 0.075 137 ± 1
b 
0.322 ± 0.078
b
 0.262 ± 0.048 
a 
Reaction rates were measured in 25 mM HEPES buffer (pH 8.0) at 40 °C. [ester] = 50 µM. 
[MINP-A] = [DMAP] = 5.0 µM. 
b
 [ester] = 50 µM. [MINP-B] = [DMAP] = 2.0 µM. 
c
 Not 
measured. 
 
 
 
Figure 2. Comparison of the first-order hydrolytic rate constants for different substrates 
under noncatalytic and different catalytic conditions. The rate constants in buffer were 
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magnified 50 times for better visualization of their relative magnitudes. The rate constants 
are reported in the Supporting Information (Table S1). The reactions were performed in a 25 
mM HEPEs buffer (pH 8.0) at 40 °C. [PNPH] = 50 µM. [MINP-A] = 5.0 µM. 
To further confirm the selectivity of MINP-A, we performed a competition experiment. 
As shown in Figure 3, when 40 µM BNPC (11) was added to a 5 µM solution of MINP-A, 
release of the p-nitrophenoxide product at 400 nm was slow over a period of 60 min (). If 
another batch of BNPC was added again at 30 min, the absorbance at 400 nm became 
stronger () as the reaction mixture contained a higher concentration of the substrate. If, 
however, the same amount of PNPH (4) was added at 30 min, the absorbance immediately 
took off (), indicating the catalyst could selectively hydrolyze the less reactive PNPH in the 
presence of the more reactive BPNC. Without the molecular recognition capabilities of the 
catalyst, such selectivity clearly would not be possible.        
 
Figure 3. Absorbance at 400 nm as a function of time for the hydrolysis of 40 µM BNPC 
(11) catalyzed by MINP-A in a 25 mM HEPES buffer (pH 7.0) at 40 °C (). In the data 
series marked with triangles (),  40 µM BNPC (11) was added at 30 min. In the data series 
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marked with squares (), 40 µM PNPH (4) was added again at 30 min.  [MINP-A] = 5.0 
µM. 
We already showed that MINP-B was able to accelerate the hydrolysis of BNPC 
significantly. For the hydrolysis in 25 mM HEPES buffer, 11 was more reactive than 4 
(PNPH) by about 8 times (Table 2). The ratio increased to 137 in the presence of MINP-B. 
Thus, depending on the catalyst used, we could make either PNPH or BNPC more reactive, 
independent of their intrinsic reactivity.    
Both MINP-A and MINP-B displayed Michaelis–Menten kinetics, suggesting they 
behaved like enzymes in their catalysis. The smooth lines in Figure 4 were obtained by 
nonlinear least squares curve fitting to v0 = Vmax[S0]/(Km+ [S0]), in which v0 is the initial 
velocity, S0 the initial substrate concentration, Vmax the maximum velocity at a particular 
catalyst concentration, and Km the Michaelis constant that measures the binding affinity of 
the substrate to the enzyme (ESI).
48
 Our data shows that MINP-B overall was a far more 
active catalyst for BNPC than MINP-A for PNPH. The catalytic efficiency (kcat/Km), for 
example, reached nearly 5000 for BNPC but only 145 for PNPH (Table 3). A more careful 
examination shows that the better performance resulted from both a larger kcat and a smaller 
Km. Thus, stronger binding and faster turnover both helped MINP-B in its catalysis. The 
kcat/kuncat value for MINP-A and MINP-B was actually quite close, 3.1–3.4 × 10
4
.  
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Figure 4. (a) Michaelis–Menten plot for the hydrolysis of PNPH by MINP-A. The reaction 
rate constants were measured in a 25 mM HEPEs buffer (pH 8.0) at 40 °C. [MINP-A] = 5.0 
µM. (b) Michaelis–Menten plot for the hydrolysis of BNPC by MINP-B. The reaction rate 
constants were measured in a 25 mM HEPEs buffer (pH 8.0) at 40 °C. [MINP-A] = 1.0 µM. 
Table 3. Michaelis–Menten parameters for MINP-A and MINP-B. 
Entry catalyst 
Vmax 
(µM/s) 
Km (µM) kcat (s
-1
) 
kcat/Km  (M
-1
s
-
1
) 
kcat/kuncat 
1 
MINP-
A
a
 
0.56 ± 
0.02 
770 ± 58 
0.112 ± 
0.003 
145  3.4 × 10
4 
2 
MINP-
B
b
 
0.82 ± 
0.04 
165 ± 10 0.82 ± 0.04 4980 3.1 × 10
4
 
a  
Hydrolysis of PNPH 4 was performed in a 25 mM HEPEs buffer (pH 8.0) at 40 °C. [MINP-
A] = 5.0 µM. 
b
 Hydrolysis of BNPC 11 was measured in a 25 mM HEPEs buffer (pH 8.0) at 
40 °C. [MINP-B] = 1.0 µM. 
The closest artificial enzymes for BNPC reported in the literature are those with zinc as 
the catalytic metal and two cyclodextrins to bind the two p-nitrophenyl rings.
76
 The best of 
these catalysts had a similar Km value (110 µM in 10% MeCN solution of Tris-HCl) as ours 
(96 µM in 25 mM HEPEs buffer). The catalytic efficiency of our MINP (4980 M
-1
s
-1
) was ~3 
times as high as that of the Zn-based system (1710 M
-1
s
-1
), although a slightly higher pH (8 
vs 7) and temperature (40 vs 25 °C) were used in our case. 
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The most significant improvement of our catalysts in comparison to the zinc-based 
artificial enzymes, whether for the catalysis of p-nitrophenyl carboxylic acid esters
61
 or 
carbonate,
76
 probably is in their turnover numbers (TONs), obtained by dividing the amount 
of substrate converted to the product by the amount of catalyst used at a given time. Because 
carboxylates and phenoxide are stronger ligands for zinc than the starting ester, many  zinc-
based catalysts had strong product inhibition,
61b
 necessitating the usage of equivalent or 
higher amounts of “catalysts”. In recent years, peptide-based scaffolds have been used to 
prevent product inhibition but the reported TONs still ranged from 10 to 50.
61
 Figure 5 shows 
the amount of p-nitrophenoxide formed when 0.2 µM MINP catalysts were used to hydrolyze 
100 µM PNPH (Figure 5a) and BNPC (Figure 5b). The maximum TON achievable under this 
reaction condition was 500. Hydrolysis of PNPH catalyzed by MINP-A proceeded relatively 
slowly, affording a TON value of 429 at 700 min (Figure 5a). Hydrolysis of BNPC was very 
fast in the presence of MINP-B, giving a TON value of 261 at 30 min. These numbers 
compare favorably with those in the literature and suggest that very little product inhibition 
occurred in our catalysts. Because the catalytic active sites were constructed especially for 
the substrates, we do expect the products (e.g., p-nitrophenol) would not be able to compete 
with the reactants for the active sites. 
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Figure 5. (a) Amount of p-nitrophenoxide formed as a function of time for the hydrolysis of 
PNPH (4) catalyzed by MINP-A, calculated based on an extinction coefficient of 400 = 
0.0216 µM
-1
 cm
-1
 at pH 8.0. [PNPH] = 100 µM.  [MINP-A] = 0.2 µM. The turnover number 
of 429 was obtained at 700 min. (b) Amount of p-nitrophenoxide formed as a function of 
time for the hydrolysis of BNPC (11) catalyzed by MINP-A, calculated based on an 
extinction coefficient of 400 = 0.0216 µM
-1
 cm
-1
 at pH 8.0. [BNPC] = 100 µM.  [MINP-A] = 
0.2 µM. The turnover number of 261 was obtained at 30 min.   
Conclusions 
The molecular recognition feature of enzymes is key to their selective transformation of 
desired substrates over structural analogues equally or even more reactive. Despite the great 
progress of supramolecular chemistry in the last decades, it has been difficult to create 
enzyme-like artificial catalysts with controllable substrate-selectivity.
31b, 50a, 50b, 63
 Micellar 
imprinting has become a powerful technique to generate strong and selective receptors for 
many types of molecules including small-molecule drugs,
21
 carbohydrates,
37
 and peptides.
38, 
56
 Through the bait-and-switch method shown in this work, we could quickly convert MINPs 
into highly specific catalysts with enzyme-like kinetics and substrate-selectivity. This 
strategy is not limited to catalytic hydrolysis. The most significant feature of our method is 
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the facile creation of a substrate-complementary active site, with a catalytic group installed 
right near the functional group to be transformed. Through this method, mechanism-based 
catalysts with biomimetic properties can be rationally design and built from scratch. As we 
develop additional strategies to enhance the molecular recognition and catalytic features of 
these artificial enzymes, truly enzyme-like artificial catalysts with superior properties should 
become possible.   
Experimental Section 
Syntheses of compounds 1–3,36, 4–6,77 12,78 and 1679 followed previously reported 
procedures.  
 
Scheme 4. Synthesis of Compound 8. 
 
Scheme 5. Synthesis of Compound 9. 
Compound 13. K2CO3 (1.7 g, 12 mmol) was added to a solution of compound 11 (1.0 g, 
4.7 mmol) in 10 mL of DMF at room temperature. After the reaction mixture was stirred at 
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50 °C for 12 h, the solvent was removed by rotary evaporation. The residue was purified by 
column chromatography over silica gel using 1:1 hexane/ethyl acetate as the eluent to give a 
light yellow powder (0.63 g, 43%). 
1
H NMR (400 MHz, CDCl3, δ): 7.67 (s, 1H), 6.8 (s, 1H), 
4.45 (t, J = 6.4 Hz, 2H), 4.00 (s, 3H), 3.73 (t, J = 6.4 Hz, 2H), 2.53 (s, 3H). 
13
C NMR (100 
MHz, CDCl3) δ 199.9, 154.5, 148.0, 138.1, 133.7, 109.1, 109.0, 77.4, 77.1, 76.7, 69.4, 56.7, 
30.4, 28.1. ESI-HRMS (m/z): [M + H]
+
 calcd for C11H13NO5Br, 317.9972; found, 317.9978. 
Compound 14. Compound 13 (100 mg, 0.31 mmol) was dissolved in a mixture of 1:1 
methanol/tetrahydrofuran (5 mL) at 0 °C. Sodium borohydride (60 mg, 1.57 mmol) was 
added into the reaction mixture in small portions while the reaction mixture was stirred. After 
2 h at room temperature for 2 h, water (5 mL) was added into the reaction mixture to quench 
the reaction. The mixture was extracted with dichloromethane (3 × 10 mL) and the combined 
organic phase was concentrated by rotary evaporation to yield a yellow powder (70 mg, 
71%). 
1
H NMR (400 MHz, CDCl3, δ): 7.60 (s, 1H), 7.33 (s, 1H), 5.61–5.55 (m, 1H), 4.38 (t, 
J = 8.0 Hz, 2H), 3.99 (s, 3H), 3.69 (t, J = 8.0 Hz, 2H), 1.56 (d, J = 4.0 Hz, 3H).
 13
C NMR 
(100 MHz, CD3OD, δ) 146.1, 144.4, 130.3, 122.6, 63.9, 33.0, 32.7, 18.6, 12.7. ESI-HRMS 
(m/z): [M + COOH]
-
 calcd for C12H15NO7Br, 364.0037; found: 364.0045. 
Compound 15. Compound 14 (70 mg, 0.22 mmol) was dissolved in 10 mL of dry 
dichloromethane. Triethylamine (0.3 mL, 2.2 mmol) was added into the mixture, followed by 
the addition of methacryloyl chloride (0.3 mL, 2.2 mmol). The reaction mixture was stirred at 
room temperature for overnight. The solvent was removed by rotary evaporation and the 
residue was purified over silica gel using 5:1 hexane/ethyl acetate as the eluent to give a 
yellow powder (61 mg, 72 %). 
1
H NMR (400 MHz, CDCl3, δ): 7.61 (s, 1H), 7.05 (s, 1H), 
6.52 (q, J = 6.4 Hz, 1H), 6.18–6.17 (m, 1H), 5.63–5.61 (m, 1H), 4.37 (t, J = 6.4 Hz, 2H), 3.94 
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(s, 3H), 3.68 (t, J = 6.4 Hz, 2H), 1.95(s, 3H), 1.65 (d, J = 6.5 Hz, 3H). 
 13
C NMR (100 MHz, 
CD3OD, δ) 166.0, 154.2, 136.3, 134.4, 125.8, 110.1, 108.5, 69.2, 68.7, 56.3, 28.2, 22.0, 18.3. 
ESI-HRMS (m/z): [M + H]+ calcd for C15H18NO6Br, 388.0839; found, 388.0837. 
Compound 8. Compound 15 (61 mg, 0.157 mmol) was dissolved in 10 mL of ethanol, 
followed by the addition of thiourea (10 mg, 0.131 mmol). The reaction mixture was heated 
to reflux overnight. After the solvent was removed by evaporation, the residue was purified 
by column chromatography over silica gel using 10:1 dichloromethane/methanol as the 
eluent to give a white powder (35 mg, 53%). 
1
H NMR (400 MHz, CDCl3, δ): 7.67 (s, 1H), 
7.19 (s, 1H), 6.41 (q, J = 6.4 Hz, 1H), 6.19–6.18 (m, 1H), 5.69–5.67 (m, 1H), 4.40 (t, J = 4.0 
Hz, 2H), 3.97 (s, 3H), 3.62 (t, J = 4.0 Hz, 2H), 1.93 (s, 3H), 1.65 (d, J = 6.5 Hz, 3H). 
 13
C 
NMR (100 MHz, CD3OD, δ) 171.6, 166.3, 153.6, 146.2, 140.0, 136.2, 133.7, 125.3, 108.8, 
108.2, 68.4, 55.6, 30.9, 20.5, 16.9. ESI-HRMS (m/z): [M + H]+ calcd for C16H22N3O6S, 
384.1224; found, 384.1258. 
Compound 17. 4-methylaminopyridine (60 mg, 0.56 mmol) was dissolved in 5 mL of dry 
DMF, followed by the addition of NaH (30 mg, 0.74 mmol) and tetrabutylammonium 
bromide (12 mg, 0.037 mmol). After the mixture was stirred at room temperature for 2 h, 
compound 16 (100 mg, 0.37 mmol) was added. The reaction mixture was then stirred at 70 
°C overnight. After the reaction was quenched by water and the solvents were removed by 
rotary evaporation, the residue was purified by column chromatography over silica gel using 
10:1 dichloromethane/methanol as the eluent to give a yellow oil (40 mg, 40%). %). 
1
H NMR 
(400 MHz, CDCl3, δ): 8.21 (d, J = 8.0 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 6.84 (d, J = 8.0 Hz, 
2H), 6.63 (d, J = 8.0 Hz, 2H), 5.74 (s, 1H), 4.17 (t, J = 4.0 Hz, 2H), 4.14–4.11 (m, 2H), 4.03-
3.99 (m, 2H), 3.83 (t, J = 8.0 Hz, 2H), 3.49 (s, 3H). 
13
C NMR (100 MHz, CD3OD, δ) 159.1, 
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148.9, 130.6, 128.0, 114.2, 106.6, 103.5, 77.2, 65.3, 65.0, 50.7, 38.5, 29.7. ESI-HRMS (m/z): 
[M + H]
+
 calcd for C17H21N2O3, 301.1547; found, 301.1613. 
Compound 9. Compound 17 (50 mg, 0.16 mmol) was dissolved in 10 mL of chloroform. 
Trifluoroacetic acid (0.25 mL, 3.3 mmol) was added dropwise. The reaction mixture was 
stirred at room temperature overnight. After the solvents were removed by rotary evaporation, 
the residue was purified by column chromatography to give a yellow oil (30 mg, 85 %). The 
oily product from previous step and hydroxylamine hydrochloride (25 mg, 0.36 mmol) were 
mixed in 10 mL ethanol. The reaction was stirred for 2 h at room temperature. Then the HCl 
(12 M, 60 µL, 0.9 mmol) and Zn dust (38 mg, 0.56 mmol) were slowly added into the 
mixture. The reaction was stirred at room temperature for 2 h. A solution of NH3 (60 µL, 0.9 
mmol) and NaOH (6 M, 0.12 mL, 0.9 mmol) were added into the mixture slowly. The 
product was purified by column chromatography over silica gel using 6:1 
dichloromethane/methanol to give a white powder (21 mg, 69%). 
1
H NMR (400 MHz, 
CDCl3, δ): 8.11 (d, J = 4.0 Hz, 2H), 7.52 (d, J = 8.0 Hz, 2H), 6.94 (d, J = 8.0 Hz, 2H), 6.70 
(d, J = 4.0 Hz, 2H), 4.18 (t, J = 4.0 Hz, 2H), 3.81 (t, J = 4.0 Hz, 2H), 3.03 (s, 3H). 
13
C NMR 
(100 MHz, CD3OD, δ) 159.6, 153.8, 149.3, 148.1, 128.3, 115.1, 107.3, 65.6, 50.2, 40.2, 38.3. 
ESI-HRMS (m/z): [M + H]+ calcd for C15H20N3O, 258.1601; found, 258.1606. 
Preparation of MINP and MINP-COOH. A typical procedure is as follows. A solution 
of compound 7 in methanol (10 µL of a 15 mg/mL, 0.0004 mmol) was added to compound 8 
in methanol (10 µL of 11 mg/mL, 0.0004 mmol) in a vial containing dichloromethane (5 mL). 
After the mixture was stirred for 2 h at room temperature, the solvent was removed in vacuo. 
A micellar solution of compound 1 (0.02 mmol), divinylbenzene (DVB, 2.8 µL, 0.02 mmol), 
and AIBN in DMSO (10 µL of 8.2 mg mL
-1
, 0.0005 mmol) in H2O (2.0 mL) was added to 
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the 7·8 complex. The mixture was subjected to ultrasonication for 10 min before compound 2 
(4.13 mg, 0.024 mmol), CuCl2 (10 µL of a 6.7 mg/mL solution in H2O, 0.0005 mmol) and 
sodium ascorbate (10 µL of a 99 mg/mL solution in H2O, 0.005 mmol) were added. After 12 
h, compound 3 (15.9 mg, 0.06 mmol), CuCl2 in H2O (10 µL of 6.7 mg mL
-1
, 0.0005 mmol), 
and sodium ascorbate in H2O (10 µL of 99 mg mL
-1
, 0.005 mmol) were added and the 
mixture was stirred for another 6 h. The reaction vial was sealed with a rubber stopper and 
the reaction mixture was purged with nitrogen for 15 min before it was stirred at 75 °C for 16 
h. The resulting MINP(7) solution was purged with nitrogen for 15 min before it was 
irradiated in a Rayonet reactor for 12 h. The final solution (2.0 mL) was cooled to room 
temperature and poured into acetone (8.0 mL). The precipitate formed was washed three 
times with 1:4 water/acetone mixture (5 mL) and seven times with methanol (5 mL). The 
product was dried overnight in the dark to give MINP(7)-COOH as an off-white powder (15 
mg, 75%). 
Preparation of DMAP-Containing MINP. A typical procedure is as follows. EDCI (10 
µL of a 61 mg/mL solution in dry DMF, 0.004 mmol) was added to a stirred solution of 
MINP-(7)-COOH (20.0 mg, 0.0004 mmol) in dry DMF (1 mL) at 0 °C under nitrogen. After 
2 h, compound 9 (10 µL, 0.004 mmol) was added and the mixture was stirred for 24 h at 
room temperature. The mixture was concentrated in vacuo and poured into 2 mL of acetone. 
The precipitate formed was collected by centrifugation and rinsed five times with 2 mL of 
acetone to afford the product as an off-white powder (15 mg, 75%). 
Determination of Binding Constants by ITC. In general, a solution of an appropriate 
guest in 25 mM HEPES buffer (pH 8.0) was injected in equal steps into 1.43 mL of the 
corresponding MINP in the same solution. The top panel shows the raw calorimetric data. 
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The area under each peak represents the amount of heat generated at each ejection and is 
plotted against the molar ratio of the MINP to the guest. The smooth solid line is the best fit 
of the experimental data to the sequential binding of N binding site on the MINP. The heat of 
dilution for the guest, obtained by titration carried out beyond the saturation point, was 
subtracted from the heat released during the binding. Binding parameters were auto-
generated after curve fitting using Microcal Origin 7. 
Kinetic Experiments. Stock solutions (10 mM) of p-nitro phenyl hexanoate (PNPH) and 
other activated esters in methanol were prepared. The stock solutions were stored in a 
refrigerator and used within 3 d. Stock solutions of MINP-DMAP (60 µM) in 25 mM HEPES 
buffer were prepared.  For the kinetic experiment, a typical procedure is as follows: An 
aliquot of 500 µL of the MINP-DMAP stock solution was combined with 1500 µL of the 
same HEPES buffer in a cuvette. The cuvette was placed in a UV-vis spectrometer and 
equilibrated to 40.0 °C. After 5 min, an aliquot of 10 µL of the PNPH stock solution was 
added. The concentration of the substrate (PNPH or other activated ester) in the reaction 
mixture was 50 µM and the concentration of the pyridyl group was 15 µM in all cases. The 
hydrolysis was monitored by the absorbance of p-nitrophenoxide anion at 400 nm. The 
experiments were generally performed in triplicates. 
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General Method  
For spectroscopic purpose, methanol, hexanes, and ethyl acetate were of HPLC 
grade.  All other reagents and solvents were of ACS-certified grade or higher, and were 
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used as received from commercial suppliers.  Routine 
1
H and 
13
C NMR spectra were 
recorded on a Bruker DRX-400 or on a Varian VXR-400 spectrometer.  MALDI-TOF 
mass was recorded on a Thermobioanalysis Dynamo mass spectrometer.  UV-vis spectra 
were recorded at ambient temperature on a Cary 100 Bio UV-visible spectrophotometer.  
Fluorescence spectra were recorded at ambient temperature on a Varian Cary Eclipse 
Fluorescence spectrophotometer.  ITC was performed using a MicroCal VP-ITC 
Microcalorimeter with Origin 7 software and VPViewer2000 (GE Healthcare, 
Northampton, MA).  
 
Figure 6. 
1
H NMR spectra of (a) 1 in CDCl3, (b) alkynyl-SCM in D2O, (c) after core-
crosslinking in D2O, (d) purified MINP(7)-COOH in D2O. 
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Figure 7. Distribution of the hydrodynamic diameters of the nanoparticles in water as 
determined by DLS for (a) alkynyl-SCM, (b) surface-functionalized SCM and (c) MINP(7)-
COOH after purification. 
 
Figure 8. (a) Distribution of the molecular weights of the MINP(7)-COOH. (b) The 
correlation curve for DLS. The molecular weight distribution was calculated by the 
PRECISION DECONVOLVE program assuming the intensity of scattering is proportional to 
the mass of the particle squared. If each unit of building block for the MINP(7)-COOH is 
assumed to contain one molecule of compound 1 (MW = 465 g/mol), 1.2 molecules of 
compound 2 (MW = 172 g/mol), one molecule of DVB (MW = 130 g/mol), 0.8 molecules of 
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compound 3 (MW = 264 g/mol), the molecular weight of MINP(7)-COOH translates to 51 
[=51400 / (465 + 1.2×172 + 130 + 0.8×264)] of such units.  
 
Figure 9. Distribution of the hydrodynamic diameters of the nanoparticles in water as 
determined by DLS for (a) alkynyl-SCM, (b) surface-functionalized SCM and (c) MINP(10)-
COOH after purification. 
 
Figure 10. (a) Distribution of the molecular weights of the MINP(10)-COOH. (b) The 
correlation curve for DLS. The molecular weight distribution was calculated by the 
PRECISION DECONVOLVE program assuming the intensity of scattering is proportional to 
the mass of the particle squared. If each unit of building block for the MINP(10)-COOH is 
assumed to contain one molecule of compound 1 (MW = 465 g/mol), 1.2 molecules of 
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compound 2 (MW = 172 g/mol), one molecule of DVB (MW = 130 g/mol), 0.8 molecules of 
compound 3 (MW = 264 g/mol), the molecular weight of MINP(10)-COOH translates to 55 
[=56400 / (465 + 1.2×172 + 130 + 0.8×264)] of such units.  
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Figure 11. ITC titration curves obtained at 298 K in HEPEs buffer 25 mM pH 8.0. (a) ITC 
for [MINP(7)] = 90 µM, [7] =1000 µM. (b) [MINP-A] = 60 µM, [7] =800 µM. The top panel 
shows the raw calorimetric data. The area under each peak represents the amount of heat 
generated at each ejection and is plotted against the molar ratio of MINP to the substrate. The 
solid line is the best fit of the experimental data to the sequential binding of N equal and 
independent binding sites on the MINP. The heat of dilution for the substrate, obtained by 
adding the substrate to the buffer, was subtracted from the heat released during the binding. 
Binding parameters were auto-generated after curve fitting using Microcal Origin 7. 
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Figure 12. ITC titration curves obtained at 298 K in HEPEs buffer 25 mM pH 8.0 for the 
titration of (a) [MINP(10)] = 30 µM with [10] = 400 µM. (b) [MINP-B] = 30 µM with [10] = 
450 µM. The top panel shows the raw calorimetric data. The area under each peak represents 
the amount of heat generated at each ejection and is plotted against the molar ratio of MINP 
to the substrate. The solid line is the best fit of the experimental data to the sequential binding 
of N equal and independent binding sites on the MINP. The heat of dilution for the substrate, 
obtained by adding the substrate to the buffer, was subtracted from the heat released during 
the binding. Binding parameters were auto-generated after curve fitting using Microcal 
Origin 7. 
(a) (b) 
111 
 
0.0 1.2 2.4
-1.4
-0.7
0.0
-2
-1
0
0 30 60

H
/(
k
c
a
l/
m
o
l)
µ
c
a
l/
s
e
c
Time (min)
 
Model: OneSites
Chi^2/DoF = 2888
N 0.623 ±0.100
K 1.47E4 ±3.69E3
H -2306 ±493.2
S 11.3
Molar Ratio
 
 
0.0 1.2 2.4
-1.6
-0.8
0.0
-2.4
-1.2
0.0
0 30 60

H
/(
k
c
a
l/
m
o
l)
µ
c
a
l/
s
e
c
Time (min)
 
Model: OneSites
Chi^2/DoF = 1835
N 1.49 ±0.0365
K 1.67E4 ±2.07E3
H -2432 ±109.7
S 11.2
Molar Ratio
 
 
 
Figure 13. ITC titration curves obtained at 298 K in HEPEs buffer 25 mM pH 8.0 for the 
titration of (a) [MINP(10)] = 120 µM with [7] = 1100 µM. (b) [MINP-B] = 120 µM with [7] 
= 1300 µM. The top panel shows the raw calorimetric data. The area under each peak 
represents the amount of heat generated at each ejection and is plotted against the molar ratio 
of MINP to the substrate. The solid line is the best fit of the experimental data to the 
sequential binding of N equal and independent binding sites on the MINP. The heat of 
dilution for the substrate, obtained by adding the substrate to the buffer, was subtracted from 
the heat released during the binding. Binding parameters were auto-generated after curve 
fitting using Microcal Origin 7. 
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Figure 14. ITC titration curves obtained at 298 K in HEPEs buffer 25 mM pH 8.0 for the 
titration of (a) [MINP(7)] = 90 µM with [10] = 1100 µM. (b) [MINP-A] = 90 µM with [10] = 
1100 µM. The top panel shows the raw calorimetric data. The area under each peak 
represents the amount of heat generated at each ejection and is plotted against the molar ratio 
of MINP to the substrate. The solid line is the best fit of the experimental data to the 
sequential binding of N equal and independent binding sites on the MINP. The heat of 
dilution for the substrate, obtained by adding the substrate to the buffer, was subtracted from 
the heat released during the binding. Binding parameters were auto-generated after curve 
fitting using Microcal Origin 7. 
 
 
 
(a) 
(b) 
113 
 
1
H and 
13
C NMR spectra of key compounds 
 
Figure 16. 
 1
H NMR of 7 in CD3OD. 
 
Figure 17. 
 13
C NMR of 7 in CD3OD. 
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Figure 18. 
 1
H NMR of 13 in CDCl3. 
 
Figure 19. 
 13
C NMR of 13 in CD3OD. 
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Figure 20. 
 1
H NMR of 14 in CDCl3. 
 
Figure 21. 
 13
C NMR of 14 in CDCl3. 
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Figure 22. 
 1
H NMR of 15 in CDCl3. 
 
Figure 23. 
 13
C NMR of 15 in CDCl3. 
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Figure 24. 
 1
H NMR of 8 in CD3OD. 
 
Figure 25. 
 13
C NMR of 8 in CD3OD. 
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Figure 26. 
 1
H NMR of 16 in CDCl3. 
 
Figure 27. 
 1
H NMR of 17 in CDCl3. 
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Figure 28. 
 13
C NMR of 17 in CDCl3. 
 
Figure 29. 
 1
H NMR of 5 in CD3OD. 
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Figure 30. 
 13
C NMR of 8 in CD3OD. 
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Abstract 
Phosphatases are able to accelerate the rate of P-O bond hydrolysis by factors of 
10
21
.
1
 Developing the phosphatases mimics can not only improve the understanding of the 
mechanism for enzyme hydrolysis, but also create new biotechnological tools. However, it is 
difficult to build synthetic catalysts with good hydrolytic activity and selectivity. Micellar 
imprinting is a powerful method to create template-complementary binding sites inside 
protein-sized water-soluble nanoparticles. When a polymerizable, photocleavable 
thiouronium functional monomer was used to bind 2-hydroxypropyl-4-nitrophenyl phosphate 
(HPNPP) as the template, active sites with predetermined size and shape were formed inside 
the doubly cross-linked micelles. Replacement of the binding group with a catalytic Zinc 
group in the post-modification led to artificial phosphatases selective for HPNPP. The 
catalysts displayed enzyme-like kinetics and over thousands of rate enhancement. A 
transition state analogue was also created interacting with photocleavable thiouronium 
functional monomer to make an artificial enzyme for PNPH (4-Nitrophenyl hexanoate) 
hydrolysis.  
Introduction  
P-O bond is important in nature and it exists in a large variety of biomolecules. For 
example, DNA and RNA, which are polymers carry genetic information, are constructed 
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from monomeric nucleoside by 3,5-phophodiesters bonds. Also, the chemical fuel, ATP, 
consists of adenosine triphosphate. The cleavage and formation of PO bonds are of great 
importance. DNA, RNA hydrolysis can silence the gene expression and map out the nucleic 
acids structure. In addition, the interconversion among ATP, ADP, AMP is releasing energy 
for living cells. Thus, the cleavage of the phosphate ester bonds has become intriguing to the 
chemist to shed light on the mechanism of phosphate ester cleavage in cells and how 
phosphate hydrolases perform the hydrolysis. People have exploited the artificial catalysts for 
RNA and DNA hydrolysis using metal complexes, 
2-3
 for example, Zn, Cu, Fe, Mn with 
different nitrogen containing ligand. Supramolecular assemblies have been used for artificial 
ATP hydrolase.
4
 Extraordinary rate enhancement has been realized, however, the product 
inhibition and catalysis selectivity remain challenging problems. The major limitation is the 
strong interaction between the metal catalyst and the phosphoric acid product which will 
inhibit the catalytic ability for the metal complex. Typical problem for such issue would 
require large access use of the substrate. As for the reaction selectivity, no significant 
selectivity has been reported for the hydrolysis of activated phosphate esters as well as 
nucleosides.  
Among synthetic analogue for artificial enzyme, molecular imprinted polymer (MIP) 
makes it possible to form a predicted, tailored-made, catalytic binding site through a template 
molecule.
5
 Therefore, the catalytic binding site could be specifically made for the target 
substrate. Lots of investigations have employed MIP in catalyzing a wide variety of reactions, 
such as, hydrolysis,
6
 Diels-Alder reaction,
7
 disulfide formation,
8
 and the aldol reaction.
9 
MIP 
has shown great rate acceleration as well as selectivity. Also, since a hydrophobic pocket is 
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created, the product of the hydrolysis will be kicked out from the pocket. In theory, the 
possible inhibition coming from product can be decreased. 
  In our group, we have developed a method to perform molecular imprinting in water 
soluble cross-linked micelles. Our molecularly imprinted nanoparticals (MINPs) were able to 
overcome challenges including water solubility, controllable number of binding sites per 
micelle and high accuracy in templated polymerization in traditional MIP system. We 
realized the highly specific recognition in aqueous environment for varieties of important 
substrates, such as, bile salt derivatives,
10 
aromatic carboxylates and sulfonates,
11
nonsteroidal 
anti-inflammatory drugs (NSAIDs)
12 
and peptides.
13
 The catalytic ability of our MINP was 
demonstrated in hydrolyzing para-nitro phenyl esters. MINP was created to mimic esterases 
and has shown good rate enhancement as well as substrate selectivity for para-nitro phenyl 
esters.
14
 In this paper, we report a “bait-and-switch” method being engineered in the MINP 
structure to construct the artificial phosphatase for substrate-selective hydrolysis. With strong 
templating effect of micellar imprinting, we were able to create a hydrophobic pocket for the 
substrate through a complex between a photocleavable functional monomer (FM) and the 
phosphate ester substrate. Despite the common usage of such non-covalent method in 
forming catalytic pocket in MIPs, it is unique to replace the functional monomer using 
catalytic groups in order to position the catalyst near the ester in the enzyme-like nanoparticle. 
The catalyst we used is the Zn-nitrogen complex which exists in natural enzymes as well. 
There are several advantages of the “bait-and-switch” method. First, it involves less synthesis 
of the template molecules, instead, using two simple molecules, a functional monomer (FM) 
acting as a spacer for the following catalytic functionalization and the substrate acting as the 
template which can form a complex with the FM through noncovalent interaction. In addition, 
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because of the special design of the photocleavable FM, the Zn catalytic site and the 
phosphate ester bond can be positioned in a close proximity. These advantages make it 
possible to easily increase the generality of the catalytic artificial enzyme by simply changing 
the template molecule.   
 
 
Scheme 1. Preparation of MINP by surface–core double cross-linking of template-containing 
micelle of 1.  
Results and Discussion 
Design, Syntheses, and Characterization of MINP Catalysts. The synthesis of MINP is 
shown in Scheme 1. Surfactant 1 has a tripropargylammonium headgroup and a methacrylate 
at the end of the hydrocarbon tail. The propargyl groups in surfactant 1 allow the micelle to 
be cross-linked on the surface through click reaction using 1,4-diazidobutane-2,3-diol (2). 
The surface cross linked micelle can be functionalized through another round of click 
reaction in the presence of sugar-derived azido ligand N-(2-azidoethyl)-2,3,4,5,6-
pentahydroxyhexanamide (3). Afterwards, the methacrylate group at the end of the surfactant 
allows the core cross linking by thermally initiated radical polymerization using AIBN acting 
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as thermal initiator in the presence of core cross linker divinylbenzene (DVB) and the 
polymerizable, photo-labile (with the ortho-nitrobenzyl ester bond) functional monomer (FM) 
(4). The FM was first interacted with the template (HPNPP) (or transition state analogue 6) 
through noncovalent bond (ionic bond) in the organic solvent and mixed with micellar 
solution 1 after removing the organic solvent. The purpose is forming a pocket with the 
substrate shape to afford the high affinity between the nanoparticle and the reactant. Also, 
preparing a space for catalytic site (5) after the post-functionalization. FM 4 has an o-
nitrophenyl ester linkage, which is photocleavable under UV irradiation to regenerate the 
carboxylic acid.  Therefore, in the next step, the pocket is vacated through UV irradiation to 
yield a carboxyl group (MINP-COOH) inside of the hydrophobic pocket. MINP-COOH was 
then post-functionalized with DMAP derivative (5) through amide coupling using EDCI. A 
10-fold excess of N-ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochloride EDCI and 
Zinc containing molecule (5) was used.
15 
The MINP was characterized according to 
published procedures.
16
 The surface-cross-linking and core-cross-linking were monitored by 
1
H NMR spectroscopy. The surface-cross-linking was verified by mass spectroscopy after the 
cleavage of 1,2-diol in the cross-linked micelle.
17
 Size and the molecular weight were 
characterized by dynamic light scattering (DLS) and confirmed by transmission electron 
microscopy (TEM).
18
 The diameter for the nanoparticles were typically 4−5 nm. These 
nanoparticles are soluble in water and polar organic solvent such as DMF and DMSO. 
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Scheme 2. Preparation of Zn-containing MINP-A and MINP-B for the selective hydrolysis 
of HPNPP and PNPH, respectively. 
In the earlier research papers, polymerizable amidine and the phosphate complex have been 
used in the process of imprinting to form the MIP artificial esterases.
19
 This strong 
interaction forms hydrogen bond-reinforced salt bridge (see complex 4•HPNPP or 4•6). In 
our recent studies, this salt bridge was able to enable the imprinting of acidic peptides if the 
functional monomer which contains thioronium group has strong enough hydrophobicity for 
its inclusion in the micellar solution.
20
 We took the advantages of this special interaction 
between the phosphate substrate (HPNPP) and the FM 4 as well as the o-nitrophenyl ester in 
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the FM 4 which can yield the carboxylic acid after being irradiated. Then, the Zinc 
containing catalytic functionality can be positioned right in the space where the FM 4 was 
located through the coupling reaction in DMF to form MINP-A. This “bait-and switch” 
method was previously investigated in our group to generate interior carboxylic acid and 
further coupled into an amide.
80
 For the purpose of extending the application of the method, 
we applied the same procedure of forming the artificial phosphatase to a different phosphate 
template 6 acting as transition state analogue to PNPH and followed by the Zinc 
functionalization to yield MINP-B besides MINP-A using HPNPP as the template. Several 
key breakthroughs have been made by our “bait and switch” methods. (1) Our MINP has 
enzyme-like solubility in aqueous solution and a controllable number of binding sites; (2) 
The successful micellar imprinting makes it possible to achieve post-modification; (3) The 
polymerizable, photocleavable FM not only creates the space for the post-modification, but 
also helps the imprinting by forming a complex with phosphate template; (4) The design of 
our Zinc functionality is designed to be positioned close to the ester bond in order to realize 
higher efficiency.  
Table 1. Binding data for MINPs obtained by ITC
a
 
Entry MINP
b 
Guest 
∆G 
(kcal/mol) 
N 
Ka (×10
4
 M
-
1
) 
∆H 
(kcal/mol) 
T∆S 
(kcal/mol) 
1 MINP(HPNPP) HPNPP -6.90 1.4 ± 
0.1 
11.4 ± 2.5 -2.88 ± 0.16 4.02 
2 MINP(HPNPP) 6 -5.32 1.3 ± 
0.1 
4.31 ± 0.99 -3.56 ± 0.50 2.76 
3 MINP(6) HPNPP -6.54 1.4 ± 
0.1 
6.19 ± 1.39 -2.16 ± 0.13 4.38 
4 MINP(6) 6 -6.79 1.2 ± 
0.1 
9.50 ± 2.20 -5.09 ± 0.38 1.70 
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a
 The titrations were performed in duplicates in 25 mM HEPES buffer (pH 7.0) at 25 °C and 
the errors between the runs were <20%. 
b
 Binding was too weak to be detected accurately by 
ITC.  
We studied the binding of the two templates with the MINPs created from the 
corresponding templates and still have the thioronium left in the pocket after removing the 
template. Isothermal titration calorimetry (ITC) was used to confirm the creation of the 
template-complementary active sites in 25 mM HEPEs buffer. The binding results indicate 
that the molecular imprinting worked well for both templates. For example, MINP (HPNPP) 
which was created from HPNPP binds its template with a binding constant of Ka = (11.4 ± 
2.5) × 10
4 
M
-1
 (entry 1). The value translates to a binding free energy of -∆G = 6.90 kcal/mol. 
The binding constant decreased by half when 6 was used as the guest to bind with 
MINP(HPNPP).  Similar results were found in the binding between MINP(6) and 6, the 
binding strength decreased by 30 % when MINP(6) binds with HPNPP. This observation 
suggests that the strong templating effect in the micellar imprinting has been realized through 
the thioronium phosphate salt bridge. 
 
 
Catalytic Properties of MINP Catalysts.  
The hydrolysis was monitored by Uv-vis spectroscopy shown in Figure 1, since the 
product para-nitrophenoxide has strong absorbance at 400 nm. The absorbance is 
fitted into pseudo first order rate kinetics to indicate the rate of forming the product. 
Control experiments by buffer and the same concentration of nanoparticles with no 
catalytic site (MINP(HPNPP)-COOH)and no template, FM being used (NINP) were 
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performed for comparison (Figure 1a). The reason for the longer measurement time 
for HPNPP is because the higher stability of HPNPP which is the analogue for RNA. 
After 2 hours of hydrolysis, the significant rate acceleration was observed in the 
MINP-A catalyzed hydrolysis in comparison with the buffer control. As for 
MINP(HPNPP)-COOH, the MINP obtained after photolysis of MINP-A to remove the 
FM showed similar low activity to NINP. The reason could come from the general 
hydrolytic ability of the hydrophobic cationic micelles. Similarly, we studied the 
hydrolysis for PNPH by the corresponding MINPs (Figure 1b). We shorten the 
reaction time and lower the substrate concentration because that PNPH has higher 
activity. Even though we decreased the concentration of PNPH, MINP-B showed 
significant rate enhancement compared with the other controls. The results suggest 
that the Zn modified MINP was successfully made.       
 
Figure 1. (a) Absorbance at 400 nm as a function of time for the hydrolysis of HPNPP in a 
25 mM HEPEs buffer (pH 7.0) at 40 °C. The data sets correspond to hydrolysis in the 
absence of catalysts () and catalyzed by MINP-A (    ) prepared after photolysis of 4 to 
remove the thiouronium binding group, MINP(HPNPP)-COOH () prepared after 
removing HPNPP, nonimprinted nanoparticles (NIMP) prepared without FM 4 and any 
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template (), respectively. [HPNPP] = 100 µM. [MINP-A] = [MINP(HPNPP)-COOH] = 
[NINP] = 8 µM. (b) Absorbance at 400 nm as a function of time for the hydrolysis of PNPH 
in a 25 mM HEPEs buffer (pH 7.0) at 40 °C. The data sets correspond to hydrolysis in the 
absence of catalysts () and MINP-B (   ), MINP(6)-COOH (), NINP (),respectively. 
[PNPH] = 40 µM. [MINP-B] = [MINP(6)-COOH] = [NINP] = 8.0 µM.  
Table 2 summarizes the kinetic data obtained for HPNPP and PNPH hydrolysis in pH 
7.0 buffer shown above. The cross selectivity studies were also performed to show the 
micellar imprinting effect. The results can be seen more clearly in Figure 2, which compares 
the HPNPP and PNPH hydrolytic rate constants catalysed by two different MINPs. The rate 
constant shown by black bar was magnified 100 times for easier visualization.  As expected, 
MINP-A which was created by HPNPP shows stronger catalytic ability compare with MINP-
B in hydrolysing HPNPP. Also, MINP-B which was created from 6, the transition state 
analogue for PNPH, shows higher rate constant for PNPH. However, the difference in the 
rate constant, MINP-A showed 5.6 times more reactive than MINP-B in hydrolysing HPNPP 
while MINP-B only shows 1.3 times more reactivity than MINP-A in hydrolysing PNPH. 
That could come from the intrinsic higher reactivity of PNPH, as well as its flexible structure 
that makes the pocket less capable of differentiating the structural difference. The selectivity 
shown so far is another evidence for the imprinting effect.   
Table 2. Kinetic data for the hydrolysis of HPNPP and PNPH by MINP-A and MINP-B.
 
Entry Ester 
first-order rate constant k × 10
5 
(s
-1
) 
MINP-A
a
 MINP-B
b
 buffer 
1 HPNPP 1.38±0.06 0.178±0.071
 0.0233±0.0021 
2 PNPH 167±14 221±10
 
0.542±0.011 
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a 
Reaction rates were measured in 25 mM HEPES buffer (pH 7.0) at 40 °C. [HPNPP] = 100 
µM. [MINP-A] = [MINP(HPNPP)-COOH] = [NINP] = 5.0 µM. 
b 
Reaction rates were 
measured in 25 mM HEPES buffer (pH 7.0) at 40 °C. [PNPH] = 40 µM. [MINP-B] = 
[MINP(6)-CCOH] = [NINP] = 8.0 µM.  
 
Figure 2. Comparison of the first-order hydrolytic rate constants for two substrates catalysed 
by two MINPs. The rate constants for PNPH was divided by 100 times for better 
visualization of their relative magnitudes. The rate constants are reported in Table 1. The 
reactions were performed in a 25 mM HEPEs buffer (pH 7.0) at 40 °C. [HPNPP] = 100 µM, 
[PNPH] = 40 µM.  
 We performed the competition experiment to further confirm the selectivity of the 
MINP using MINP-B.As it is shown in Figure 3, when 40 µM of BNPC was added to a 8 µM 
solution of MINP-B, the product p-nitrophenoxide product formation was slow over a period 
of 30 min (). If another batch of BNPC was added again at 15 min, the absorbance at 400 
nm became stronger () as more product formed from higher concentration of substrate. 
However, when another batch of PNPH was added at 15 min (), the product formation 
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speed increased dramatically, indicating the MINP-B could selectively hydrolyze PNPH 
which is expected to be the substrate that can fit the pocket better. 
 
 
Figure 3. Absorbance at 400 nm as a function of time for the hydrolysis of 40 μM 4-
nitrophenyl butyrate (PNPB) catalyzed by MINP-B in a 25 mM HEPES buﬀer (pH 7.0) at 
40 °C (○). In the data series marked with squares (□), 40 μM PNPH was added again at 30 
min. In the data series marked with triangles (△), 40 µM PNPH was added at 30 min. 
[MINP-B] = 8 µM. 
In order to study the origin of the rate acceleration of the Zn modified MINP, we have 
run the kineics at different pH to get the pKa of the active site in the MINP pocket (Figure 4). 
In our recent studies
21
 as well as studies from other laboratories
22  
indicate that the decrease 
of the pKa of the metal ion bound water can make the metal bound water stronger 
nucleophilic catalyst. Our pH profile is similar to that of artificial enzymes containing Zinc 
complex in the literature.
23  
The curve reflects a single protonation/deprotonation step for the 
bound water with a pKa value of 7.87 ± 0.25. Compare to carbonic anhydrase,
24
 the pKa of 
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the Zinc in MINP is high, but it is comparable to some the literature reported value
 
 and it can 
be one of the reasons for MINP’s catalytic ability.       
 
Figure 4. pH dependence of the hydrolysis of HPNPP by MINP-A. The smooth curve was 
obtained by nonlinear leastsquares curve ﬁtting to the equation, kcat/Km = ( kcat/Km) max × 
10
−pKa
/ (10
−pH
 + 10 
−pKa), with the inﬂection point corresponding to the pKa of the zinc-bound 
water 7.87 ± 0.25.
25
  
 
As shown by Figure 5, the hydrolysis of HPNPP displayed Michaelis–Menten 
behavior, meaning our MINP catalyst worked as an artificial enzyme. Our MINP-A gave Km 
= 0.306 mM and Kcat = 0.00197 s
-1
 at pH 8 (Table S1). For enzyme like organometallic 
catalyst with controlled number of catalytic sites,
26
 our MINP provides improved enzymatic 
catalytic ability under mild conditions. The rate acceleration is over 5000 times. MINP-B 
shows stronger binding toward PNPH, Km = 0.127 mM. That may because of the higher 
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hydrophobicity of PNPH compare with HPNPP. The rate acceleration for MINP-B is over 
20000.    
 
 
Figure 5. Michaelis–Menten plot for MINP-B. (a)  Hydrolysis of HPNPP was performed in 
a 25 mM HEPEs buffer (pH 8.0) at 40 °C. [MINP-A] = 5.0 µM. (b) Hydrolysis of PNPH was 
performed in a 25 mM HEPEs buffer (pH 8.0) at 40 °C. [MINP-B] = 5.0 µM. 
Because the products (phosphoric acid and phenoxides) are stronger ligands for zinc than 
the starting materials (water and ester), one of the challenges for zinc artificial enzyme is 
product inhibition.
27
 Figure 5 shows the product formed as a function of time. The amount of 
product was calculated on the basis of an extinction coeﬃcient of ε400 = 0.0216 μM−1 cm−1 
for p-nitrophenoxide at pH 8.0. A turnover number of 61 was calculated at 600 min (Figure 
6(a)) for MINP-A, the reaction showed little signs of slowing down. Our MINP-A can 
catalyze ester hydrolysis with only 1% loading which reveals that our the microenvironment 
created by the MINP prevents the product inhibition. For MINP-B (Figure 6(b)), a turnover 
number of 296 was calculated at 300 min, the reaction showed signs of slowing down more 
than MINP-A which indicates higher product inhibition.  
(b) (a) 
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Figure 6. Amount of p-nitrophenoxide formed as a function of time, calculated based on an 
extinction coefficient of 400 = 0.0216 µM
-1
 cm
-1
. (a) The turnover number of 61 was 
obtained at 600 min. HPNPP (100 µM) in a 25 mM HEPES buffer (pH 8.0) at 60 °C, in the 
presence of 1 µM MINP-A. (b) The turnover number of 296 was obtained at 300 min. PNPH 
(100 µM) in a 25 mM HEPES buffer (pH 8.0) at 40 °C, in the presence of 0.2 µM MINP-B.  
Conclusions 
 
The guest complementary pocket created by molecular imprinting makes the molecular 
recognition close to what enzyme does. This method not only achieves the high affinity for 
the substrate to be bound, but prevent the water soluble product from rebinding to the 
catalytic site to inhibit the overall catalysis. From the binding study as well as the selectivity 
study, our water soluble MINP demonstrated remarkably strong imprinting effect in aqueous 
solution while traditional MIP cannot provide through noncovalent interaction in nonpolar 
solvent. More importantly, the bait-and-switch method we used gives an obvious advantage 
to easily use any possible substrate as the template which greatly decrease the difficulty of 
making the template. Furthermore, the facile post functionalization of the Zinc catalytic 
(b) (a) 
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group perfectly rearrange the pocket to orient the catalytic site right near the ester to be 
hydrolyzed. The water soluble molecularly imprinted nanoparticle gives possibility for the 
manipulation of phosphate bonds in a selective and high efficient manner.  
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Experimental Section  
 
General Method  
Methanol, methylene chloride, and ethyl acetate were of HPLC grade and were purchased 
from Fisher Scientific. All other reagents and solvents were of ACS-certified grade or 
higher, and were used as received from commercial suppliers. Routine 
1
H and 
13
C NMR 
spectra were recorded on a Bruker DRX-400 or on a Varian VXR-400 spectrometer. ESI-
MS mass was recorded on Shimadzu LCMS-2010 mass spectrometer. Fluorescence spectra 
were recorded at ambient temperature on a Varian Cary Eclipse Fluorescence 
spectrophotometer.   
ITC was performed using a MicroCal VP-ITC Microcalorimeter with Origin 7 software and  
VPViewer2000 (GE Healthcare, Northampton, MA).  
Synthesis 
Syntheses of compounds 7,
29
 8,
30
12,
31
18, 19
32
 and 13
33
 followed previously reported 
procedures.  
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Scheme 3. Synthesis of Compound 4. 
 
 
Scheme 4. Synthesis of Compound 5. 
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Scheme 5. Synthesis of Compound 6. 
1-(4-(2-Bromoethoxy)-5-methoxy-2-nitrophenyl) ethan-1-one (9). K2CO3 (1.7 g, 12 mmol) 
was added to a solution of compound 13 (1.0 g, 4.7 mmol) in 10 mL DMF at room 
temperature. After the reaction mixture was stirred at 50 °C for 12 h, the solvent was 
removed by rotary evaporation. The residue was purified by column chromatography over 
silica gel using 1:1 hexane/ethyl acetate as the eluent to give a light yellow powder (0.63 g, 
43%). 
1
H NMR (400 MHz, CDCl3, δ): 7.67 (s, 1H), 6.8 (s, 1H), 4.45 (t, J = 6.4 Hz, 2H), 4.00 
(s, 3H), 3.73 (t, J = 6.4 Hz, 2H), 2.53 (s, 3H). 
13
C NMR (100 MHz, CDCl3) δ 199.88, 154.53, 
147.97, 138.06, 133.66, 109.10, 109.04, 77.37, 77.06, 76.74, 69.35, 56.74, 30.38, 28.14. ESI-
HRMS (m/z): [M + H]
+
 calcd for C11H13NO5Br, 317.9972; found, 317.9978. 
1-(4-(2-Bromoethoxy)-5-methoxy-2-nitrophenyl) ethan-1-ol (10). Compound 14 (100 mg, 
0.31 mmol) was dissolved in 1:1 methanol/tetrahydrofuran (5 mL) at 0 °C. Sodium 
borohydride (60 mg, 1.57 mmol) was added into the reaction mixture potion wise. The 
reaction was stirred at room temperature for 2 h. Water (5 mL) was added into the reaction 
mixture to quench the reaction. Extraction was performed using dichloromethane (3 × 10 
mL). The solvent was removed by rotary evaporation to yield a yellow powder (70 mg, 
71%). 
1
H NMR (400 MHz, CDCl3, δ): 7.60 (s, 1H), 7.33 (s, 1H), 5.61-5.55 (m, 1H), 4.38 (t, J 
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= 8.0 Hz, 2H), 3.99 (s, 3H), 3.69 (t, J = 8.0 Hz, 2H), 1.56 (d, J = 4.0 Hz, 3H).
 13
C NMR (100 
MHz, CD3OD, δ) 146.1, 144.4, 130.3, 122.6, 63.88, 32.97, 32.73, 18.60, 12.69. ESI-HRMS 
(m/z): [M + COOH]
-
 calcd for C12H15NO7Br, 364.0037; found: 364.0045. 
1-(4-(2-Bromoethoxy)-5-methoxy-2-nitrophenyl) ethyl methacrylate (11). Compound 15 
(70 mg, 0.22 mmol) was dissolved in 10 mL dry dichloromethane. Triethylamine (0.3 mL, 
2.2 mmol) was added into the mixture followed by the addition of methacryloyl chloride (0.3 
mL, 2.2 mmol). The reaction was stirred at room temperature for overnight. The solvent was 
removed by rotary evaporation and the residue was purified over silica gel using 5:1 
hexane/ethyl acetate as the eluent to give a yellow powder (61 mg, 72 %). 
1
H NMR (400 
MHz, CDCl3, δ): 7.61 (s, 1H), 7.05 (s, 1H), 6.52 (q, J = 6.4 Hz, 1H), 6.18-6.17 (m, 1H), 
5.63-5.61 (m, 1H), 4.37 (t, J = 6.4 Hz, 2H), 3.94 (s, 3H), 3.68 (t, J = 6.4 Hz, 2H), 1.95(s, 3H), 
1.65 (d, J = 6.5 Hz, 3H). 
 13
C NMR (100 MHz, CD3OD, δ) 166.02, 154.15, 136.26, 134.43, 
125.77, 110.06, 108.50, 69.21, 68.67, 56.33, 28.23, 22.00, 18.29. ESI-HRMS (m/z): [M + 
Na]+ calcd for C15H18NO6BrNa, 410.0210; found, 410.0213. 
(Z)-1-(4-(2-((N,N'-di-tert-butylcarbamimidoyl)thio)ethoxy)-5-methoxy-2-
nitrophenyl)ethyl methacrylate(4). Compound 8 (170 mg, 0.9 mmol) and 9 (340 mg, 0.88 
mmol) were dissolved in 10 mL of ethanol. The reaction mixture was refluxed for overnight. 
The solvent was removed by rotary evaporation and the residue was purified over silica gel 
using 10:1 dichloromethane/methanol as the eluent to give a yellow powder (350 mg, 79 %).  
1
H NMR (400 MHz, DMSO, δ): 7.58 (s, 1H), 7.14 (s, 1H), 6.26 (q, J = 4.0 Hz, 1H), 6.12 (s, 
1H), 5.70 (s, 1H), 4.34 (t, J = 4.0 Hz, 2H), 3.88 (s, 3H), 3.18 (t, J = 4.0 Hz, 2H), 6.12 (s, 9H). 
13
C NMR (100 MHz, DMSO) δ 166.11, 153.84, 147.16, 140.15, 136.15, 132.20, 126.80, 
109.29, 108.99, 68.57, 68.30, 56.65, 51.51, 27.55, 21.75, 18.34. 
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tert-butyl (4-(3-iodopropoxy)benzyl)carbamate(14). Compound 12 (1 g, 4.48 mmol) and 
1,3-diiodopropane (0.9 mL, 8.96 mmol) were dissolved in 10 mL of DMF followed by the 
addition of K2CO3 (1.2 g, 8.96 mmol). The reaction mixture was stirred at 50 ℃ for 
overnight. The solvent was removed by rotary evaporation and the residue was purified over 
silica gel using 5:1 hexane/ethyl acetate as the eluent to give a white powder (1.5 g, 85 %). 
1
H NMR (400 MHz, CDCl3, δ): 7.20 (d, J = 8.0 Hz, 2H), 6.86 (d, J = 8.0 Hz, 2H), 4.24 (d, J 
= 8.0 Hz, 2H), 4.09 (t, J = 8.0 Hz, 2H), 3.60 (t, J = 8.0 Hz, 2H), 2.31 (m, 2H), 1.45 (s, 9H). 
13
C NMR (100 MHz, CDCl3) δ 157.98, 155.80, 131.32, 128.86, 114.60, 65.33, 44.14, 32.33, 
30.00, 28.41. ESI-HRMS (m/z): [M + Na]+ calcd for C15H22INNaO3, 414.0537; found, 
414.0536. 
tert-butyl (4-(3-(bis(2-azidoethyl)amino)propoxy)benzyl)carbamate(15). Compound 13 
(500 mg, 1.28 mmol) and Compound 11 (310 mg, 2 mmol) were dissolved in 10 mL of DMF 
followed by the addition of K2CO3 (276 mg, 2 mmol). The reaction mixture was stirred at 60 ℃ 
for overnight. The solvent was removed by rotary evaporation and the residue was purified 
over silica gel using 3:1 hexane/ethyl acetate as the eluent to give a yellow oil (310 mg, 
60 %). 
1
H NMR (400 MHz, CDCl3, δ): 7.19 (d, J = 8.0 Hz, 2H), 6.85 (d, J = 8.0 Hz, 2H), 
4.23 (d, J = 4.0 Hz, 2H), 4.03 (t, J = 8.0 Hz, 2H), 3.30 (t, J = 4.0 Hz, 4H), 2.74-2.71 (m, 6H), 
1.96-1.91 (m, 2H), 1.46 (s, 9H). 
13
C NMR (100 MHz, CDCl3) δ 158.14, 135.93, 128.02, 
114.03, 109.99, 65.16, 53.44, 50.63, 49.18, 43.10, 27.34, 26.99. ESI-HRMS (m/z): [M + H]+ 
calcd for C19H31IN8O3, 419.2514; found, 419.2519. 
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3-(4-(aminomethyl)phenoxy)-N,N-bis(2-azidoethyl)propan-1-amine(16). Compound 14 
(100 mg, 0.24 mmol) was dissolved in 10 mL of dichloromethane followed by the addition of 
trifluoroacetic acid (0.2 mL, 2.4 mmol). The reaction mixture was stirred at room 
temperature for overnight. The solvent was removed by rotary evaporation and the residue 
was purified over silica gel using 10:1 dichloromethane/methanol as the eluent to give a 
yellow oil (62 mg, 85 %). 
1
H NMR (400 MHz, CD3OD, δ): 7.33 (d, J = 4.0 Hz, 2H), 6.97 (d, 
J = 4.0 Hz, 2H), 4.10 (t, J = 4.0 Hz, 2H), 3.99 (s, 2H), 3.32 (t, J = 4.0 Hz, 4H), 2.74-2.67 (m, 
6H), 1.97-1.91 (m, 2H). 
13
C NMR (100 MHz, CD3OD) δ 161.05, 131.34, 127.18, 116.04, 
66.65, 54.88, 51.94, 50.63, 44.62, 28.38. ESI-HRMS (m/z): [M + H]+ calcd for C14H23N8O, 
319.1989; found, 319.2014. 
N1-(2-aminoethyl)-N1-(3-(4-(aminomethyl)phenoxy)propyl)ethane-1,2-diamine(17). 
Compound 16 (50 mg, 0.24 mmol) was dissolved in 10 mL of THF followed by the addition 
of PPh3 (130 mg, 0.47 mmol) and H2O (14 µL, 0.8 mmol). The reaction mixture was stirred 
at 50 ℃ for overnight. The solvent was removed by rotary evaporation and the residue was 
purified over silica gel using 5:1 dichloromethane/methanol as the eluent to give a yellow oil 
(15 mg, 35 %).  
1
H NMR (400 MHz, CD3OD, δ): 7.22 (d, J = 8.0 Hz, 2H), 6.86 (d, J = 8.0 
Hz, 2H), 4.04-4.00 (m, 2H), 3.07 (s, 2H), 3.60 (t, J = 4.0 Hz, 4H), 2.80-2.57 (m, 6H), 1.95-
1.88 (m, 2H). 
13
C NMR (100 MHz, CD3OD) δ 158.14, 133.91, 128.30, 114.12, 65.54, 59.33, 
56.27, 51.31, 44.59, 38.52, 26.56. ESI-HRMS (m/z): [M + H]+ calcd for C14H27N4O, 
267.2179; found, 267.2192. 
butyl hydrogen (4-nitrobenzyl)phosphonate(6) Compound 19 (1.00 g, 4.60 mmol) was 
suspended in thionyl chloride (10 mL) with a stirring bar in the flask. The reaction mixture 
was stirred at 70 °C for overnight. The solvent was removed by rotary evaporation. The 
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product was dissolved in 10 mL dry dichloromethane followed by the addition of 1-butanol 
(0.46 mL, 5.06 mmol) and pyridine (0.93 mL, 12 mmol) at 0 °C. The reaction mixture was 
stirred at room temperature for 5 h before the addition of 1 mL of water. The reaction 
mixture was stirred at room temperature for 20 h. The solvent was removed by rotary 
evaporation and the residue was purified by column chromatography using 20% of methanol 
in dichloromethane to yield a yellow oil (280 mg, 22%). 
1
H NMR (400 MHz, CD3OD, δ): 
8.14 (d, J = 4.0 Hz, 2H), 7.56 (d, J = 4.0 Hz, 2H), 3.84 (dd, J = 8.0, 4.0 Hz, 2H), 3.13 (d, J = 
16 Hz, 2H), 1.58-1.53 (m, 2H), 1.41-1.32 (m, 2H), 0.92 (t, J = 4.0 Hz, 3H).
 13
C NMR (100 
MHz, CD3OD, δ) 146.1, 144.4, 130.3, 122.6, 63.88, 32.97, 32.73, 18.60, 12.69. ESI-HRMS 
(m/z): [M + H]+ calcd for C11H17NO5P, 274.0839; found, 274.0837. 
Preparation of Compound 5. Zn(ClO4)2·6H2O  (21.0 mg, 0.056 mmol) was dissolved in a 
solution of compound 16 (15.0 mg, 0.056 mmol) in MeOH (2 mL) and  THF (2 mL). After 
the mixture was stirred at room temperature for 4 h, the solvent was removed under reduced 
pressure to get a white powder (18.0 mg, 97%). 
Preparation of MINP and MINP-COOH. A typical procedure is as follows. A solution of 
compound 4 in methanol (10 µL of a 20 mg/mL, 0.0004 mmol) was added to HPNPP (10 µL 
of a 11 mg/mL, 0.0004 mmol) or compound 6 (10 µL of a 11 mg/mL, 0.0004 mmol) in 
methanol  in a vial containing dichloromethane (5 mL). After the mixture was stirred for 2 h 
at room temperature, the solvent was removed in vacuo. A micellar solution of compound 1 
(0.02 mmol), divinylbenzene (DVB, 2.8 µL, 0.02 mmol), and AIBN in DMSO (10 µL of 8.2 
mg mL
-1
, 0.0005 mmol) in H2O (2.0 mL) was added to the 4·HPNPP (4·6) complex. The 
mixture was subjected to ultrasonication for 10 min before compound 2 (4.13 mg, 0.024 
mmol), CuCl2 (10 µL of a 6.7 mg/mL solution in H2O, 0.0005 mmol) and sodium ascorbate 
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(10 µL of a 99 mg/mL solution in H2O, 0.005 mmol) were added. After 12 h, compound 3 
(15.9 mg, 0.06 mmol), CuCl2 in H2O (10 µL of 6.7 mg mL
-1
, 0.0005 mmol), and sodium 
ascorbate in H2O (10 µL of 99 mg mL
-1
, 0.005 mmol) were added and the mixture was 
stirred for another 6 h. The reaction vial was sealed with a rubber stopper and the reaction 
mixture was purged with nitrogen for 15 min before it was stirred at 75 °C for 16 h. The 
resulting MINP(HPNPP)-COOH or MINP(6)-COOH solution was purged with nitrogen for 
15 min before it was irradiated in a Rayonet reactor for 12 h. The final solution (2.0 mL) was 
cooled to room temperature and poured into acetone (8.0 mL). The precipitate formed was 
washed three times with 1:4 water/acetone mixture (5 mL) and seven times with methanol (5 
mL). The product was dried overnight in the dark to give MINP-COOH as an off-white 
powder (15 mg, 75%). 
Preparation of Zn-Containing MINP. A typical procedure is as follows. EDCI (10 µL of a 
61 mg/mL solution in dry DMF, 0.004 mmol) was added to a stirred solution of 
MINP(HPNPP)-COOH (or MINP(6)-COOH)(20.0 mg, 0.0004 mmol) in dry DMF (1 mL) at 
0 °C under nitrogen. After 2 h, compound 5 (10 µL, 0.004 mmol) was added and the mixture 
was stirred for 24 h at room temperature. The mixture was concentrated in vacuo and poured 
into 2 mL of acetone. The precipitate formed was collected by centrifugation and rinsed five 
times with 2 mL of acetone to afford the product as an off-white powder (15 mg, 75%). 
Determination of Binding Constants by ITC. In general, a solution of an appropriate guest 
in 25 mM HEPES buffer (pH 8.0) was injected in equal steps into 1.43 mL of the 
corresponding MINP in the same solution. The top panel shows the raw calorimetric data. 
The area under each peak represents the amount of heat generated at each ejection and is 
plotted against the molar ratio of the MINP to the guest. The smooth solid line is the best fit 
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of the experimental data to the sequential binding of N binding site on the MINP. The heat of 
dilution for the guest, obtained by titration carried out beyond the saturation point, was 
subtracted from the heat released during the binding. Binding parameters were auto-
generated after curve fitting using Microcal Origin 7. 
Kinetic Experiments. Stock solutions (10 mM) of 2-hydroxypropyl-4-nitrophenyl phosphate 
(HPNPP) and p-nitro phenyl hexanoate (PNPH) were prepared. The stock solutions were 
stored in a refrigerator and used within 3 d. Stock solutions of MINP-Zn (60 µM) in 25 mM 
HEPES buffer were prepared.  For the kinetic experiment, a typical procedure is as follows: 
An aliquot of the MINP-DMAP stock solution was combined with HEPES buffer in a cuvette. 
The cuvette was placed in a UV-vis spectrometer and equilibrated to 40.0 °C. After 5 min, an 
aliquot of ester stock solution was added. The hydrolysis was monitored by the absorbance of 
p-nitrophenoxide anion at 400 nm. The experiments were generally performed in duplicates. 
 
Figure 7. 1H NMR spectra of (a) 1 in CDCl3, (b) alkynyl-SCM in D2O, (c) after core-
crosslinking in D2O, (d) purified MINP(HPNPP)-COOH or MINP(6)-COOH in D2O. 
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Figure 8. Distribution of the hydrodynamic diameters of the nanoparticles in water as 
determined by DLS for (a) alkynyl-SCM, (b) surface-functionalized SCM and (c) 
MINP(HPNPP)-COOH after purification. 
 
Figure 9. (a) Distribution of the molecular weights of the MINP(7)-COOH. (b) The 
correlation curve for DLS. The molecular weight distribution was calculated by the 
PRECISION DECONVOLVE program assuming the intensity of scattering is proportional to 
the mass of the particle squared. If each unit of building block for the MINP(7)-COOH is 
assumed to contain one molecule of compound 1 (MW = 465 g/mol), 1.2 molecules of 
compound 2 (MW = 172 g/mol), one molecule of DVB (MW = 130 g/mol), 0.8 molecules of 
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compound 3 (MW = 264 g/mol), the molecular weight of MINP(HPNPP)-COOH translates 
to 44 [=45000 / (465 + 1.2×172 + 130 + 0.8×264)] of such units.  
 
Figure 10. Distribution of the hydrodynamic diameters of the nanoparticles in water as 
determined by DLS for (a) alkynyl-SCM, (b) surface-functionalized SCM and (c) MINP(6)-
COOH after purification. 
 
Figure 11. (a) Distribution of the molecular weights of the MINP(6)-COOH. (b) The 
correlation curve for DLS. The molecular weight distribution was calculated by the 
PRECISION DECONVOLVE program assuming the intensity of scattering is proportional to 
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the mass of the particle squared. If each unit of building block for the MINP(6)-COOH is 
assumed to contain one molecule of compound 1 (MW = 465 g/mol), 1.2 molecules of 
compound 2 (MW = 172 g/mol), one molecule of DVB (MW = 130 g/mol), 0.8 molecules of 
compound 3 (MW = 264 g/mol), the molecular weight of MINP(6)-COOH translates to 50 
[=50400 / (465 + 1.2×172 + 130 + 0.8×264)] of such units.  
 
Figure 12. ITC titration curves obtained at 298 K in HEPEs buffer 25 mM pH 8.0. (a) ITC 
for [MINP(HPNPP)] = 40 µM, [HPNPP] =500 µM. (b) [MINP(HPNPP)] = 30 µM, 
[HPNPP] =500 µM. The top panel shows the raw calorimetric data. The area under each 
peak represents the amount of heat generated at each ejection and is plotted against the molar 
ratio of MINP to the substrate. The solid line is the best fit of the experimental data to the 
sequential binding of N equal and independent binding sites on the MINP. The heat of 
dilution for the substrate, obtained by adding the substrate to the buffer, was subtracted from 
(a) (b) 
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the heat released during the binding. Binding parameters were auto-generated after curve 
fitting using Microcal Origin 7. 
 
 
Figure 13. ITC titration curves obtained at 298 K in HEPEs buffer 25 mM pH 8.0 for the 
titration of (a) [MINP(6)] = 50 µM with [HPNPP] = 600 µM. (b) [MINP(6)] = 30 µM with 
[6] = 400 µM. The top panel shows the raw calorimetric data. The area under each peak 
represents the amount of heat generated at each ejection and is plotted against the molar ratio 
of MINP to the substrate. The solid line is the best fit of the experimental data to the 
sequential binding of N equal and independent binding sites on the MINP. The heat of 
dilution for the substrate, obtained by adding the substrate to the buffer, was subtracted from 
the heat released during the binding. Binding parameters were auto-generated after curve 
fitting using Microcal Origin 7. 
(a) (b) 
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Table 3. Michaelis–Menten parameters for MINP-A and MINP-B. 
Entry catalyst 
Vmax 
(µM/s) 
Km (µM) kcat (s-1) 
kcat/Km  (M-
1s-1) 
kcat/kuncat 
1 MINP-A 
0.00984 ± 
0.00066 
306 ± 24 
0.00197 ± 
0.00013 
6.44 5160 
2 MINP-B 
0.547 ± 
0.030 
127± 14 0.109 ± 0.006 861 20185 
a  
Hydrolysis of HPNPP was performed in a 25 mM HEPEs buffer (pH 8.0) at 40 °C. [MINP-
Zn] = 5.0 µM.  
 
Figure 14. Michaelis-Menten plot of the hydrolysis of PNPH by MINP-A in a 25 mM 
HEPES buffer at 40 °C and pH 7.0. [MINP-A] = 2.5 µM. 
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Figure 15. Michaelis-Menten plot of the hydrolysis of PNPH by MINP-A in a 25 mM 
HEPES buffer at 40 °C and pH 7.5. [MINP-A] = 2.5 µM. 
 
Figure 16.. Michaelis-Menten plot of the hydrolysis of PNPH by MINP-A in a 25 mM CHES 
buffer at 40 °C and pH 8.5. [MINP-A] = 2.5 µM. 
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Figure 17. Michaelis-Menten plot of the hydrolysis of PNPH by MINP-A in a 25 mM CHES 
buffer at 40 °C and pH 9.0. [MINP-A] = 2.5 µM. 
1
H and 
13
C NMR spectra of key compounds 
 
Figure 18. 
 1
H NMR of 6 in CD3OD. 
157 
 
 
Figure 19. 
 13
C NMR of 6 in CD3OD. 
 
Figure 20. 
 1
H NMR of 9 in CDCl3. 
 
158 
 
 
Figure 21. 
 13
C NMR of 9 in CDCl3. 
 
Figure 22. 
 1
H NMR of 10 in CDCl3. 
159 
 
 
Figure 23. 
 13
C NMR of 10 in CDCl3. 
 
 
Figure 24. 
 1
H NMR of 11 in CDCl3. 
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Figure 25. 
 13
C NMR of 11 in CDCl3. 
 
Figure 26. 
 1
H NMR of 4 in DMSO. 
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Figure 27. 
 13
C NMR of 4 in DMSO. 
 
 Figure 28. 
 1
H NMR of 14 in CDCl3. 
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Figure 29. 
 13
C NMR of 14 in CDCl3. 
 
Figure 30. 
 1
H NMR of 15 in CDCl3 
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Figure 31. 
 13
C NMR of 15 in CDCl3. 
 
 Figure 32. 
 1
H NMR of 16 in CD3OD. 
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Figure 33.
 13
C NMR of 16 in CD3OD. 
 
Figure 34.
 1
H NMR of 16 in CD3OD. 
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 Figure 35.
 13
C NMR of 17 in CD3OD. 
 
Figure 36.
 1
H NMR comparison for 5 and 17 in CD3OD. 
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CHAPTER 6. GENERAL CONCLUSIONS 
 
In this dissertation, we have shown that our molecularly imprinted nanoparticles 
(MINPs) can catalyze certain reactions with enzyme-like properties whereas traditional 
catalytic molecularly imprinted polymers (MIPs) could hardly achieve. For example, the 
insolubility and heterogeneity of MIPs largely limit the application of MIPs in water or protic 
solvents. Also, the traditional MIPs have rigid, polyclonal distributed active sites which 
provide slow mass transfer and weak binding for substrates. Enzymes can easily surpass 
MIPs by several orders of magnitude catalytically more efficient with its monoclonal, soluble 
and more flexible structure. While keeping advantages of MIPs, such as tailor-made 
hydrophobic pockets and good mechanical, thermal stability, our MINPs have successfully 
shown enzyme-like properties in the esters hydrolysis. MINPs are created from doubly cross-
linked micelle with exterior sugar ligands which provide good water solubility and with 
functionalizable hydrophobic pockets which enable the formation of covalently bonded 
catalytic site. Carefully control of the surfactant monomer and the cross-linkable template 
ratio gives monoclonal MINPs. More importantly, our micellar molecular imprinting 
provides the non-covalent imprinting with a less polar environment which guarantees the 
successful formation of guest-complementary, easy accessible active sites.   
Initial investigation of the catalytic ability of MINPs involved the creation of DMAP 
functionalized MINPs made from sulfonate, carboxylate templates. The sizes, shapes and 
depths of active sites can be tuned as expected. MINPs can hydrolyze carboxylic esters under 
the condition in which the DMAP is completely deactivated. The Michaelis–Menten study 
demonstrated the enzymatic behavior for the catalytic MINPs. From the rate constant results, 
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we concluded that the substrate binding affinity was important to the catalysis, but the 
catalytic selectivity could derive from other properties. 
We extended the creation of the catalytic MINPs to biomimetic catalysts with well-
defined structure and substrate-specificity. The purpose is to create strong and selective 
catalytic receptors with active sites located at the optimized position toward the substrate. 
Our design includes the construction of substrate-selective imprint followed by the post 
functionalization using DMAP catalytic derivatives. From the kinetic results, the activity and 
selectivity of the active sites can be rationally, systematically changed with different DMAP 
derivatives.   
The substrate-selective active sites cannot be easily controlled through synthetic 
analogue. However, enzymes transform specific substrates over structural analogues even 
more reactive. We use “bait-and-switch” method to introduce substrate-selective active sites 
based on cross-linked micelles. The pocket is created based on the complex formed between 
the photocleavable functional monomer (FM) and the transition state analogue (TSA) for the 
model reaction. The catalytic group (DMAP) is covalently bonded inside the pocket after the 
removal of the complex (FM•TSA). This method not only results in a substrate-
complementary active site, but also provides a facile way of positioning the catalytic site 
close to the functional group to be catalyzed. More exploration has been done using the Zinc 
catalytic group which is commonly found in active sites of enzymes. The Zinc modified 
MINPs can hydrolyze RNA analogue, 2-hydroxypropyl-4-nitrophenyl phosphate (HPNPP) 
with little product inhibition, high activity.  
Our biomimetic MINP catalysts can selectively hydrolyze specific substrates with 
thousands of rate acceleration under mild conditions. The highly controllable properties of 
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the MINP catalysts have demonstrated the possibility of creating customized catalysts for 
varieties of reactions. Future work should be done to develop MINP catalysts with stronger 
catalytic abilities to selectively catalyze less reactive substrates.  
 
